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Preface to ”Food Safety, Security, Sustainability and
Nutrition as Priority Objectives of the Food Sector”

Food systems are at the center of global environmental, social, and economic challenges such

as resource scarcity, ecosystem degradation, and climate change. The current food systems are

generating negative outcomes, such as land, water, and ecosystem degradation, biodiversity loss,

excessive greenhouse gas emissions, persistent malnutrition and hunger, and are failing to eradicate

poverty, particularly in rural populations in the global South. The future food systems will have

to provide food and nutrition security while facing unprecedented sustainability challenges: this

underlines the need for a transition to more sustainable food systems. Taking into account these

premises and considering the complexity of food systems, this book presents 24 papers published by

researchers from 24 different countries all over the world, including Australia, Brazil, Canada, Cape

Verde, China, Croatia, Finland, France, Greece, Iran, Italy, Israel, Korea, Malaysia, Malta, Morocco,

Portugal, Russia, Spain, Sweden, Taiwan, the UK, the USA, and Vietnam.

The editors are very grateful to their families and friends for all of the support they provided. We

would also like to extend a very special thanks for the commitment and dedication of all researchers

who published their works herein and the entire MDPI team. Only in this way was it possible to carry

out this successful project.

António Raposo, Fernando Ramos, Dele Raheem, Ariana Saraiva, Conrado Javier Carrascosa

Iruzubieta

Editors
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Food systems are at the center of global environmental, social, and economic chal-
lenges such as resource scarcity, ecosystem degradation, and climate change [1]. The
current food systems are generating negative outcomes, such as land, water, and ecosystem
degradation, biodiversity loss, excessive greenhouse gas emissions, persistent malnutri-
tion and hunger, and are failing to eradicate poverty, particularly of rural populations
in the global South [2]. The future food systems will have to provide food and nutrition
security while facing unprecedented sustainability challenges: this underlines the need
for a transition to more sustainable food systems. Taking into account these premises and
considering the complexity of food systems, this Special Issue presents 23 papers published
by researchers from 24 different countries all over the world, including Australia, Brazil,
Canada, Cape Verde, China, Croatia, Finland, France, Greece, Iran, Italy, Israel, Korea,
Malaysia, Malta, Morocco, Portugal, Russia, Spain, Sweden, Taiwan, the UK, the USA,
and Vietnam.

Regarding the review articles included in this Special Issue, it is possible to find four
works that address the following themes: the bulk sweetener maltitol, where the analytical
determination methods, applications in the food industry, metabolism, and health impacts
are discussed in depth [3]; the relevance of food naturalness for consumers, food security
aspects, sustainability, and health impacts, focused on natural sweeteners [4]; biofilm
concerns from many angles, including biofilm-forming pathogens in the food industry,
biofilm disinfectant resistance, and biofilm identification methods [5]; how texture and
rheology might be evaluated in the food industry with specific attention on dysphagia [6].

In terms of research articles, we can mention 17 relevant works that focus on different
areas common to the objectives of this Special Issue, namely: the study of green food intake
and social trust as mediators in the relationship between perceived consumer effectiveness
and psychological wellbeing [7]; the investigations by Bogdanova et al. [8] focused on
integrating many components of the reindeer food value chain in a multidisciplinary
manner to promote indigenous peoples’ food sovereignty in Western Siberia’s Arctic zone,
as well as reflections on the key issues of the COVID-19 pandemic; an empirical study from
China analyzing the effects of epistemic and social trust on public acceptance of genetically
modified food [9]. This research adds to our understanding of how trust influences the
acceptance of emerging technologies, and it is crucial for risk-management practices. The
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quasi-experimental pilot study assessed the effects of a pilot community-based behavioral
intervention on the home food environment in U.S. [10]. In Italy, the results of a culturally
tailored dietary intervention in diabetic patients from North Africa and Bangladesh were
investigated by Piombo et al. [11]. Chen and Lin [12] have investigated and constructed
the important and appropriate factors for designing a green café ambiance and empirically
analyzed indicators with high operability that are suitable for green café ambience design.
Another study from China used exploratory spatial data analysis, a gravity center model,
a spatial panel data model, and a geographically weighted regression model to examine
the spatial–temporal characteristics in grain production and their influencing factors using
climate and socioeconomic data from 1995 to 2018 [13]. The nutritional profile, phenolic
composition, and biological properties of Crepis vesicaria L. subsp. taraxacifolia leaves were
analyzed in a research conducted by Pedreiro et al. [14]. The study by Fideles et al. [15]
looked at food insecurity among Brazilian Community restaurant food handlers and the
factors that contribute to it. In the U.S., Ferrante et al. [16] designed a survey to look at
how COVID-19 affects parents’ lifestyles (e.g., work, child care, grocery shopping), as
well as current family food acquisition and food habits (e.g., cooking, restaurant use);
Nemati et al. [17] conducted a study to evaluate the effects of using different levels of
ginger powder on the productive performance, eggs quality, and blood parameters in
laying Japanese quails; Professor Heesup Han and colleagues have investigated the impact
of halal food performance, which includes criteria such as availability, health/nutrition,
accreditation, and cleanness/safety/hygiene, on Muslim traveler retention in a non-Islamic
destination [18]. Evans et al. [19] investigated how surface characteristics (chemistry and
topography) and cleaning direction affected the removal of bacteria and meat exuded from
surfaces. The amounts of Al, Cd, Cr, Ni, Pb, and Sr in frequently consumed cereals and
cereal-based products were determined in a study conducted in the Cape Verde Islands,
and the risk associated with them was analyzed [20]. The study about the Indigenous
community perspectives of food security, sustainable food systems, and strategies to
enhance access to local and traditional healthy food for partnering Williams Treaties
First Nations (Ontario, Canada) can be used to develop Indigenous community-based
projects and initiatives aimed at improving food security, establishing more sustainable
food systems, and achieving food sovereignty [21]; Wang et al. [22] investigated the effects
of ecological compensation, capital endowment, and ecological cognition on the adoption
of environmentally friendly technology by farmers.

On 25 November 2020, Professor Lluís Serra-Majem and his co-workers published an
important Update of the Pyramid of the Mediterranean Diet, considering sustainability
and focusing on environmental concerns [23]. This work has more strongly emphasized the
lower consumption of red meat and bovine dairy products, and the higher consumption of
vegetables and locally grown eco-friendly plant foods as much as possible. This paper is
already an Editor’s Choice article and promoted the publication of two pertinent commen-
tary papers: a work carried out by Professor Maria Luz Fernandez and collaborators on
highlights of current dietary guidelines around the world [24], and also a text produced
by the well-known Professor Walter Willett, mentioning that “all countries can benefit by
considering this updated Mediterranean Dietary Pyramid when developing their dietary
guidelines and food systems” [25].

There is a need for a ‘food systems thinking’ that takes cognizance of the link between
the safety of food, food security, nutrition, and health at both individual and planetary
levels. Our food system needs to be sustainable, as alluded to by some of the authors
in this Special Issue. The food sector will need to make necessary changes and respond
to sustainability challenges in our current food system; these include the negative out-
comes mentioned earlier [1,2], population growth, climate change, and pandemics. This
transformation of the food system, whose goal is to help stakeholders better understand
and manage the complex choices that affect the future of food systems and to accelerate
progress toward the Sustainable Development Goals, has already been discussed in several
fora on a global level and will culminate at the UN SDG Food System summit in New
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York, the USA, by September 2021 [26]. The topics addressed in this Special Issue are
thought-provoking and worth considering by researchers, academics, policymakers, food
processors, indigenous peoples, and other stakeholders.

Last but not the least, the editors believe that this Special Issue gives an important
contribution in the form of essential ingredients of ‘food for thought’, when safety, sustain-
ability, and nutrition are considered as priority objectives in the food sector.
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Abstract: Bulk sweetener maltitol belongs to the polyols family and there have been several dietary
applications in the past few years, during which the food industry has used it in many food products:
bakery and dairy products, chocolate, sweets. This review paper addresses and discusses in detail
the most relevant aspects concerning the analytical methods employed to determine maltitol’s food
safety and industry applications, its metabolism and its impacts on human health. According to
our main research outcome, we can assume that maltitol at lower doses poses little risk to humans
and is a good alternative to using sucrose. However, it causes diarrhoea and foetus complications
at high doses. Regarding its determination, high-performance liquid chromatography proved the
primary method in various food matrices. The future role of maltitol in the food industry is likely
to become more relevant as processors seek alternative sweeteners in product formulation without
compromising health.

Keywords: food additives; food industry; food safety; health impacts; maltitol; metabolism; sweeteners

1. Introduction

Maltitol (C12H24O11; 4-O-α-glucopyranosyl-D-sorbitol) is a hygroscopic non-reducing sugar and
disaccharide polyol that is listed as an alternative sweetener to sugar because, except for browning,
it possesses roughly 75–90% of sucrose’s sweetness and has similar properties [1]. Of all polyols,
maltitol has the closest solubility curve to that of sucrose and is freely soluble in water: 220 g of sucrose
is soluble in 100 mL of water at 37 ◦C, whereas 200 g of maltitol is soluble in 100 mL of water at 37 ◦C.
Once dissolved, the viscosities of sugar solutions and maltitol are equivalents, with viscosities of
18 millipascal seconds (mPa.s; 50% solution in water at 20 ◦C) and 23 mPa.s, respectively. Comparable
solubility helps maltitol to dissolve in the mouth in almost exactly the same way as sucrose, leaving
the mouth able to feel the expected sweetened taste of a given food product [2].

Given its high crystalline purity and chemical composition, in its natural crystalline form
maltitol is less hygroscopic than sugar. At about 40 ◦C, maltitol absorbs ambient moisture even at
a relative humidity of 82% and higher, as opposed to 80% for sucrose. This would mean improved
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shelf stability of those goods made with maltitol rather than sucrose when processed under given
atmospheric/climate conditions. When employed as a covering on confectionery and chewing gum,
maltitol’s low hygroscopicity leads to long-lasting crunchiness. Reduction in the carbonyl group
enhances maltitol’s thermo-chemical stability during the conversion from maltose into maltitol. It does
not react with amino acids when heated, which avoids Maillard reactions and, thus, lowers excessive
browning potential [2].

Maltitol occurs naturally in different fruits and vegetables. Small amounts of maltitol naturally
exist in roasted malt and chicory leaves. Maltitol is commercially produced from the starch of cereals
such as corn, wheat and potatoes. Manufacturers resort to D-maltose catalytic hydrogenation to create
hydrogenated disaccharide composed of a glucose molecule and a sorbitol molecule that are bonded
together [2,3].

As with other sugar alcohols, maltitol is poorly absorbed in the small intestine, and has lower
insulinaemic (35 vs. 45) and glycaemic indices (35 vs. 68), and a lower caloric value (2.4 vs. 4 kcal/g)
and sweetening power (approx. 90%) than sucrose [4,5]. The metabolism of maltitol follows a known
pathway [6–8]. This compound is partly absorbed only in the proximal intestine and enters the lower
intestine and colon. As a result, digestive tolerance to maltitol has been previously examined in
chocolate in healthy adult volunteers [9–11]. Adults can eat as much as 40 g of maltitol/day with
no significant symptoms, while children can consume 15 g [9–12]. So maltitol is used primarily as
a sugar substitute in food products as it has a bulking effect compared to intense sweeteners [3].
Maltitol is also employed in pharmaceuticals or oral care products (toothpaste) [13,14]. Apart from
its technological and nutritional qualities, maltitol also possesses similar organoleptic properties
to glucose [15] and provides good digestive tolerance. This permits its widespread use for both
children and adults in various dietary applications, mostly in the sweet food categories such as cakes,
pastries, sugar confectionery, chocolate, chewing gum and snack bars as well as its use as a tabletop
sweetener [10,12,16]. Maltitol exhibits certain prebiotic effects in rats or humans [17,18]. As nine
hydroxyl groups exist in the molecule, it is reasonable to believe that maltitol is able to act as an
additive to avoid moisture loss and to further delay stalling in foods like bread [1].

As very little work on maltitol can be found in the literature, this paper aims to review analytical
methods for its determination, its chief food industry and safety applications, and its metabolism and
impacts on human health that stem from its utilisation.

2. Analytical Methods for Maltitol Determination

Assessing maltitol in food and beverages with low/no sugar content is relevant in both nutritional
and quality control terms. The analytical procedures followed in sugar alcohol analyses are similar to
those employed for other sugars. Nonetheless, sugar alcohols are characterised by high chemico-thermal
stability (up to 180 ◦C). High-performance liquid chromatography (HPLC) methods are the most
widespread choice thanks to their robustness, high sensitivity and easy sample preparation [19].
However, maltitol entails several analytical problems, as we discuss below.

Food products are complex matrices given major differences in their composition, which comprises
several types of thickeners, preservatives, macromolecules, and colour additives. As many food
matrix components have similar polarities to maltitol, this compound is not easy to isolate. Moreover,
the maltitol levels encountered in some food products entail adjusting the sample concentration to the
analytical method’s linear range by dilution [19].

An analytical method for determining a target compound in a given matrix usually goes through
three main stages: (1) sampling; (2) sample preparation; and (3) determination of the analyte. In the
first stage, it is essential to ensure that the samples are representative, taken without contamination
and transported swiftly and properly to the laboratory. When samples are not analysed immediately,
storage conditions must be established to avoid changes in the sample quality. The second stage,
sample preparation, comprises the process of isolating the compound of interest from interferents
in the matrix prior to analysis, with the most suitable instrumental tools. This step is critical for the
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determination of the analyte, in this case maltitol, and is usually the most time-consuming process
to conduct and optimise [19,20]. The sample preparation method depends on the complexity of the
matrix, but in general homogenisation, extraction, clean-up and pre-concentration may be required,
depending on sample complexity, to remove chemical interferences and determine whether or not a
sample contains maltitol and at what concentration [21,22].

Preparing liquid samples is normally simple, but this is limited to dilution and filtration. In already
filtered samples, injection is frequently performed directly. Carbonated drinks need to be degassed in
an ultrasonic bath, either under vacuum or by sparging with nitrogen [19,23]. Some sample solutions
may need to be treated with clarifying agents, such as Carrez solutions, which are suitable for the
elimination of suspended solid material, proteins and lipids. Organic solvents, such as ethanol and
acetonitrile, are used to selectively precipitate thickeners and polysaccharides. Besides, during sample
preparation, acids such as acetic, metaphosphoric and formic acid can also be employed to precipitate
food matrix components or to adjust the pH of the sample [20,22]. Whatever the procedure, filtration
is always mandatory before the final analysis [21]. A single filtration step with a membrane filter is
often enough to achieve the desired characteristics, but sometimes preliminary filtration using filter
paper or centrifuge may be necessary [24]. All samples must be subjected to replicated analysis.

Grembecka et al. performed analysis of four sugars and five sugar alcohols, including maltitol,
in fruit juices, fruit drinks, nectars and syrups [25]. The sample pretreatment applied was the slightest;
it consisted of a first filtration through filter paper to remove particulate matter, followed by a dilution
with 75% acetonitrile, and finally a second filtration with 0.45 µm membrane filters [25]. This minimal
sample preparation procedure is suitable for many simpler samples and has the advantage of being
economical, simple and speedy.

The addition of an extraction step is the most widely used sample preparation technique.
For this purpose, the most commonly employed organic solvents are methanol, acetonitrile and
chloroform [20]. Liquid-liquid extraction (LLE) can be employed because it is inexpensive but is not
easy to automate and normally requires large quantities of solvents. More complex solid matrices may
require more elaborate extraction and purification techniques such as solid phase extraction (SPE)
or ultrasound-assisted extraction (UAE) with different solvents, even though extraction with water
suffices in some cases [19,23].

Andersen et al. analysed four sugars and six sugar alcohols, including maltitol, in several types
of matrices, namely desserts, cakes, candies, liquorice, wine, gums, chocolate and pastilles [26].
The samples were ground and the extraction was carried out with water at 60 ◦C for 4 h at
room temperature, followed by centrifugation and filtration through a folded filter (S&S, 592.5,
diameter = 125 mm), dilution and a second filtration through a Minisart 0.2 µm [26]. As can be seen
from this case, heat is sometimes applied to aid in the extraction process. Overall, the adopted sample
preparation protocol was relatively simple.

A quite different approach was used by Nojiri et al., which reported the analysis of five sugar
alcohols, including maltitol, in confectionery products [27]. In this case, sample preparation consisted
of extraction with 30% ethanol, followed by centrifugation, evaporation, and derivatisation with a
10% solution of p-nitro-benzoyl chloride. The reagent excess was eliminated and the sample was
evaporated. Finally, the residue was dissolved in chloroform and purified in an SPE (solid phase
extraction) cartridge (Sep-Pak C18) [27]. The use of ethanol is advantageous in relation to water, as it
inhibits metabolic enzymes, thus contributing to the preservation of the sugar composition [23]. SPE is
a well-established tool for the pre-concentration and clean-up of target compounds from aqueous
samples and extracts. The bases of this technique are identical to those of conventional liquid-solid
chromatography (LSC) and HPLC [22]. The most highly employed SPE cartridges for the extraction of
sweeteners from foods are those with columns packed with octadecylsilyl silica (ODS-C18) [21,24].
Briefly, the SPE protocol consists in conditioning the cartridge, followed by the loading of the extract,
and finally the washing of the cartridge. Ultimately, the elution of the compounds of interest is
carried out with a suitable solvent. It is crucial that interfering compounds are not trapped and elute

7



Int. J. Environ. Res. Public Health 2020, 17, 5227

almost immediately, or that they have a high affinity for the stationary phase in order to be strongly
adsorbed. It is worth mentioning that the sensitivity of the final analysis can be increased through a
pre-concentration strategy, that is, by evaporation of the eluate until dryness and re-dissolving it in a
small volume of solvent suitable for the subsequent analysis [20,21,24]. The solubility of maltitol in the
processing solvent is naturally of major relevance.

In general, SPE sample preparation procedures are a good option for samples of a more complex
nature (“dirty samples”), as they are undemanding, reasonably inexpensive and swift [21,24]. Moreover,
owing to the lower column sizes and volumes, they require the use of less mobile phase volume,
which leads to both less waste and less exposure of laboratory technicians to organic solvents, as well
as leading to additional cost savings. The sample capacity and eluant volume are usually suitable
also for direct injection into HPLC equipment without the need for additional sample preparation
processes, thereby reducing both the risk of sample loss and contamination [22]. Furthermore,
SPE exhibit greater potential for selective isolation, i.e., sample fractionation into different compounds
or classes of compounds [28]. Finally, SPE systems have been increasingly improved in terms of
throughput, precision and accuracy, and are compatible with the most commonly used analytical
instrumentation [21].

In another study, Joshi et al. developed a method for the quantification of maltitol in flavoured
milk, burfi and yoghurts [29]. Sample extraction was carried out with water under sonication for 20 min
at 40 ◦C. A treatment with Carrez reagents was applied to remove proteins, followed by filtration
through filter paper and a 0.22 µm syringe filter [29].

UAE is an efficient, economical and green technique for sample preparation. When compared to
the classic extraction procedures, it allows the reduction of the amount of solvent and glassware used,
as well as of the extraction time, wherefore it has been increasingly used. This technique explores the
cavitation process that is observed when an extractive solvent in contact with a solid matrix is exposed
to ultrasound energy. The mechanical effect generated induces a greater solvent penetration into the
solid, and causes its mechanical erosion, which results in a superior mass transfer, with a consequent
increase in the efficiency of the sample’s extraction and a good recovery of the analyte [30].

After the sample extraction process, certain components of the food matrix may still be contained in
the extract and act as a source of interference in the final determination. These undesirable compounds
can be co-extracted with maltitol owing to their similar solubility profile. The occurrence of chemical
interferents in the extract may bring about accuracy problems in the method, wherefore additional
clean-up steps may be essential to obtain proper separation, detection and quantification [21].
As seen in the examples above, precipitation is a commonly applied technique, usually with Carrez
solutions, sodium hydroxide/zinc sulphate and similar agents, followed by filtration or centrifugation.
Other common clean-up methods include SPE, as earlier discussed, LLE and dialysis. An adequate
extraction/clean-up process improves the recovery of maltitol and is indispensable to avoid problems
such as clogging of the HPLC columns [21].

To summarise, proper sample preparation/clean-up can shorten analysis time, improve method
sensitivity and selectivity, and optimise maltitol identification/quantification. The addition of a
pre-concentration step can be interesting, as it can lower the detection limits during the analysis.
On the other hand, a filtration step before the final analysis, usually with 0.45 µm filters, is essential
for all samples, in order to remove particulate matter that can cause damage to the equipment and
interfere with the results [20]. It is recommended also that a guard column filled with the same material
as the main column be used, in order to act as a filter, prolong the lifetime of the analytical column
and improve its performance [31]. Besides, ultrapure solvents should preferably be used in sample
preparation, as this provides greater purity, stability and durability of the analytical instruments [20].
Lastly, the sample preparation procedure chosen to determine maltitol depends on the nature of the
matrix and the analytical system to be used in quantification and can be more or less costly and
demanding. As general rule, it should be kept as simple as possible to reduce error.
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As a final remark, it should be noted that, even though the traditional sample pretreatment
methods are still widely used, there is a growing trend in this field to minimise the use of organic
solvents and sample sizes, and adopt extraction procedures that allow the analysis of compounds of
different classes simultaneously, ideally likely to be automated [20].

That said, and once the correct sample preparation is complete, the foodstuff is ready for analysis.
Research papers have reported different approaches to determine maltitol in food products, as discussed
below. Table 1 summarises details of practical applications.
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Assessing maltitol by ultraviolet (UV) detectors is challenging because its structure lacks
chromophore groups. However, UV detectors are not expensive and this obstacle can be overcome
by the derivatisation technique using a chromophoric reagent. Nojiri et al. developed a method
to analyse six sugar alcohols, including maltitol, in several confectionery products by HPLC after
nitro-benzoylation [27]. Using p-nitro-benzoyl chloride permitted maltitol to be converted into a
strong UV absorbing derivative [27]. Despite these good results, having to apply derivatisation is a
disadvantage that should be considered for routine analyses. This technique increases sensitivity and
selectivity, but is lengthy, and the presence of reagents in samples can negatively impact on analysis
results. Many foods contain UV active compounds and can cause interference [36].

Another detector that has been described for maltitol determination is the refractive index (RI).
The RI detector allows simple and fast analysis of compounds that change the refractive index of the
solvent, which are virtually all analytes [34]. Joshi et al. successfully established a procedure for maltitol
analysis in dairy products, which was based on the use of an amino column containing a silica-based
aminopropyl bonded stationary phase linked with an RI detector [29]. An isolation method based on
enzymatic treatment with β-galactosidase was applied for the lactose hydrolysis, which allowed the
removal of the lactose peak that had a retention time coincident with maltitol [29]. Hadjikinova et al.
also developed and validated an HPLC-RI method for the simultaneous determination of four sugars
and five sugar alcohols including maltitol in desserts [32]. Briefly, the sample preparation consisted of
extraction with distilled water (50 ◦C) in a water bath at 60 ◦C for 15 min, precipitation with sodium
hydroxide and zinc sulphate, and filtration (0.45 µm membrane filters). In this case, a column specially
designed for the separation of sugars and sugar alcohols (Shodex Sugars SP0810) was employed [32].

The main problem of RI detection is its limitation to isocratic methods. An RI detector is very
sensitive to changes in temperature and flow rate [23,34]. Ultraviolet–visible (UV/VIS) detection
with a diode array detector (DAD) presents similar limits of detection (LODs) to those of the
HPLC-RI procedure, but implies pre- or post-column derivatisation. Hence a gradient elution can be
employed, but sample preparation is more time-consuming [34]. Another option is HPLC coupled with
fluorescence detectors (FDs), which yields higher selectivity and sensitivity than those of HPLC-DAD,
but FDs are costly and require derivatisation [34].

Evaporative light scattering detectors (ELSD) also have been employed. The mobile phase in
ELSD is nebulised by air or nitrogen to produce particles, and the light scattered by the resulting
particles is measured [23]. Koh et al. developed a method with both an amide-based column and
ELS detection [33]. Sample extraction was performed with water at 80 ◦C for 30 min for gums and
candies, and with 50% alcohols at 80 ◦C for 30 min, after fat removal, for chocolate and processed
chocolate products, followed by centrifugation and filtration (0.22 µm PVDF syringe filter) [33].
Unlike amino-based columns, amide-based columns are able to retain analytes over a wide pH range
in the mobile phase [38]. These authors tested columns of various lengths (50, 100, 150 mm) and
recommended employing the longest column because shorter lengths negatively impact resolution [33].
Nonetheless, the response peaks achieved in the longer columns are often wider, which means less
sensitivity given increased diffusion [38]. This method resulted in separation of eight sugar alcohols
and five sugars within 15 min without derivatisation, which is a noteworthy outcome. Ethanolamine
and triethylamine were added to eluents to modify the stationary phase. The developed analytical
system was applied to commercial samples of gums, chocolate, sweets, processed snacks and chocolate
products at 0.21–46.41% of sugars and sugar alcohols. Maltitol appeared in gums and sweets [33].

Compared to the RI, ELSD offers much a higher sensitivity and stability of the chromatographic
baseline, even in the gradient eluent mode. The required sample pretreatment is normally minimal [23].
Having said that, the pulsed amperometric detector (PAD) and the Corona charged aerosol detector
(CAD) are considered superior to ELSD and RI detectors in sensitivity, selectivity and reproducibility
terms [25,31].

CAD has the following characteristics regardless of the chemical properties of the compound
of interest: high sensitivity to mass, gradient compatibility, wide dynamic range, high precision,
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and consistent response [23]. CAD works on the principle of the eluent’s nebulisation with nitrogen
to produce analyte particles. This is followed by drying to eliminate the mobile phase. Particles are
then charged with a high-voltage corona wire. The quantity of charge measured by an electrometer is
proportional to the quantity of the analyte of interest in the sample [23,34].

CAD mobile phases must be volatile as they are for ELSD [23]. Grembecka et al. successfully and
simultaneously determined by the HPLC-CAD method five sugar alcohols and four sugars, including
maltitol, in drinks and dietary supplements, with no extraction step [25]. After analysing commercial
samples, maltitol was found only in syrup (dietary supplement) [25].

The hydrophilic interaction liquid chromatography (HILIC) mode is an alternative to HPLC
for separating polar compounds like maltitol. The principle of separation is in accordance with
the differential distribution of the compounds between a relative hydrophobic eluent and a water
rich layer immobilised in a hydrophilic stationary phase [39]. More recently, Pitsch et al. set up a
HILIC-CAD method that allows for the simultaneous determination of 30 compounds. It comprises
five ions, 17 sugars and seven sugar alcohols, including maltitol, in 24 food and beverage samples [34].
The applied pretreatment was a minimal dilution in 60% acetonitrile with centrifugation. Samples
with gas were degassed in an ultrasonic bath prior to dilution. Analyte separation was done in an
amide-based column. The use of 60% acetonitrile led to some matrix interference in complex beer
samples without affecting the quantification results. It has been suggested that matrix interferences
could be further decreased by employing SPE or increasing the acetonitrile concentration in the sample
diluent. Separating maltitol from sugars and other sugar alcohols is quite challenging owing to
chemical similarities and implies that high-efficiency separation columns and long runs are normally
necessary. The above-cited authors took a quantification approach based on peak height instead of peak
area, which was successful. They obtained results during a shorter period and did not compromise
reliability. The method was generally a sound tool for routine analyses [34].

Sugar alcohols, including maltitol (pKa 12.84), possess weak acid properties, with ionising under
high pH conditions, at least partially, so they can be separated by ion-exchange mechanisms. So another
possible maltitol analysis method is high-performance anion-exchange chromatography (HPAEC),
which is usually coupled with PAD, and allows the quantification of non-derivatised sugars and sugar
alcohols at low concentrations in the order of pmol. This method is characterised by its high sensitivity,
and it neither entails complex sample pretreatments nor uses organic solvents [23].

PAD can be interesting to determine maltitol as it directly detects it (with no pre- or post-column
derivatisation) and offers high sensitivity and selectivity with complex commercial samples. PAD only
detects analytes with functional groups that are oxidisable at the specific voltage applied to detection
which makes the required sample preparation simple. Sodium hydroxide gradients can be used, as
detection is not affected by salt concentration changes [23]. Cataldi et al. set up an HPAEC-PAD
method for separating and quantifying four sugar alcohols and five sugars, including maltitol, in cakes,
biscuits, toffees, creams, chocolate, chicory and roasted malt [35]. The extraction was performed with
water under sonication, followed by centrifugation and filtration. A treatment with Carrez reagents to
remove proteins and fats was applied in some products, followed by dilution and filtration (0.2 µm
nylon membranes) prior to injection. A pellicular column with a relatively low ion-exchange capacity
was successfully employed. It is well-known that data reproducibility in HPAEC is strongly affected
by the interference of carbonate ions, which tend to occupy the column’s active sites, and thus reduces
the retention of both sugar and sugar alcohol molecules. Regardless of taking all the precautions
when preparing the alkaline eluent, this divalent ion still remains. The authors have shown that the
presence of barium ions in the alkaline mobile phase increases both selectivity and reproducibility,
but cuts analysis times, because it enables the precipitation of carbonate ions. This means that either
taking precautions while preparing the alkaline eluent or regenerating the column between runs is
no longer necessary. The method was applied to commercial samples. Maltitol was found in all the
matrices, except for sponge cakes and creams. The levels detected in chicory and roasted malt were
very low [35]. Andersen et al. also proposed a HPAEC-PAD method for quantifying six sugar alcohols
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and four sugars, including maltitol [26], but the kit performed poorly when separating maltitol and
fructose [26].

Despite the merits of the different aforementioned detectors, mass spectrometry (MS) is still widely
employed in both qualitative and quantitative analyses of sugars/sugar alcohols as it is able to identify
compounds with high levels of sensitivity and specificity. MS allows maltitol to be directly detected
without derivatisation. In this context, electrospray ionization (ESI) is normally coupled with HPLC-MS
and MS/MS systems [19]. Shah et al. developed a method to simultaneously determine 14 non-nutritive
sweeteners, including maltitol, in food and beverages by ESI with UHPLC (ultra-high-performance
liquid chromatography) MS/MS in the negative ion mode [36]. The method required minimal sample
preparation/clean-up. The beverages were simply diluted with water, except those containing gas,
which were first sonicated to remove it. Hard candies were dissolved in water, vortexed and diluted.
Yoghurts were processed using SPE. All samples were filtered (0.20 µm membrane filters) prior to
injection. The authors tested different kinds of reversed-phase columns, including C8 and C30. The C18
column performed best, i.e., with easier and faster separation. The method enabled the quantification
and monitoring of all the analytes by multiple reactions with three isotopically labelled internal
standards. Obtaining two structurally significant MS product ions for both analytes and internal
standards led to more selectivity and confirmation, which implies a major advantage [36].

Coupling MS with chromatography offers a powerful technique to selectively determine sugars
and sugar alcohols in a single run. However, this detection method requires costly analytical
instruments and specialised technicians [38]. High-purity organic solvents are also necessary for
liquid chromatography [40]. An alternative analytical technique is capillary electrophoresis (CE),
which offers good separation efficiency with low operating costs and minimal waste and has, therefore,
been increasingly used to study several types of analytes in relatively complex matrices. The separation
principles of sugar alcohols in CE systems are similar to those which apply to HPAEC [40].

The usability of CE in analysing maltitol has been recently proven by Coelho et al., who proposed
using a method with CE and capacitively coupled contactless conductivity detection (C4D) [37].
The target analytes were four sugar alcohols, which included maltitol. Chocolate was the studied
matrix. Extraction was performed using water and ultrasound, followed by filtration (0.22 µm
membrane filters) and dilution. The strong alkaline background electrolyte was 25 mM of sodium
borate (pH 8.5), which allowed negatively charged borate esters to form, produced by the borate
ions-sugar alcohol interaction. The separation of all analytes was achieved in an impressive time:
less than 6 min. This method was applied to commercial chocolate samples and revealed that most
contained maltitol as the main sweetener [41].

By way of conclusion, the method of choice for maltitol determination in different food matrices is
HPLC because it is compatible with its physico-chemical characteristics, it is able to meet multi-analyte
detection needs, and demonstrates simplicity, high sensitivity and robustness. CE is an interesting
alternative that often incurs lower running costs. However, it would appear that its robustness
is limited [19]. Repeatability and reproducibility issues have been pointed out by several authors,
which are mainly caused by inconsistent injection amount and unstable electroosmotic flow rate in the
capillaries [42]. Some quantitative studies have directly compared the performance of CE and HPLC.
In research conducted by Prado et al. CE provided a swifter analysis, whilst RP-HPLC displayed
both superior repeatability (relative standard deviation (RSD) 0.98% vs. RSD 1.62%) and sensitivity
(three times less LOD (limit of detection)) [43]. Similarly, Velikinac et al. reported higher selectivity for
CE method, but the HPLC method was more sensitive (LOD 2.5 times less) and delivered superior
precision (RSD < 2% vs. RSD < 4.5%) [44]. Gas chromatography is not a popular option given the
need for derivatisation [34]. As UHPLC-MS/MS systems become increasingly common in laboratories,
more methods using this technique will be developed and will enable foodstuffs to be analysed at
high-throughput levels. Multi-analyte methods are most advantageous [19]. For the time being,
the development of robust reliable methods to determine maltitol and other sweeteners in complex
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food matrices is an omnipresent challenge. Sound analytical methods are crucial for fulfilling growing
needs in the food quality and safety fields.

3. Applications in the Food Industry and Safety

Huge efforts have been made to cut sugar intake in many food products for health reasons,
particularly related to cardiovascular diseases and diabetes. This worrying phenomenon has attracted
a ‘sugar tax’ that is imposed on food and drink industries in many countries. As confectioneries are
more frequently consumed in the Western world, replacing sucrose is an ongoing challenge for food
product developers to focus on alternatives that match aromas, sweetness, mouthfeel and texture.
Maltitol forms part of the polyol group used for replacing sugar in the food industry. Polyols are
generally relevant to the food industry for combatting weight control, diabetes and tooth decay.

Maltitol is a sugar alcohol that comes from maltose, a disaccharide with a similar sweetness to that
of sucrose. Maltitol has many applications in food products like bakery and dairy products, chocolate
and sweets. It is commercially available as maltitol syrup (E965ii) and crystalline maltitol (E965i) and
is already included in a wide range of foods like chewing gum, chocolate, tableted mints, and other
related products such as hard and chewy sweets.

Maltitol is a promising alternative to sugar as a bulk sweetener because its sweetness is almost
85–95% of that of sucrose. Its hygroscopicity is low, and it possesses excellent flow properties and a
crystalline structure that results in end products with a very good taste and mouthfeel. Maltitol has a
low glycaemic response of 29 and a calorie value of 2.4 kcal per gram in both Europe and the USA,
which are lower figures than for traditional bulk sweeteners like sucrose [2]. The glycaemic index (GI)
of crystalline maltitol is 36 and the GI for syrup is 52 with a higher hydrogenated oligosaccharides
content [45]. Table 2 compares some unique properties of maltitol are compared to those of sucrose.

Table 2. A comparison of some physico-chemical properties for sucrose and maltitol.

Physico-Chemical Properties Sucrose Maltitol

Molecular weight 342 344

Sweetness 1.0 0.9

Solubility at 22 ◦C 67% 65%

Melting point (◦C) 168–170 144–152

Heat of solution (cal/g) 4.3 −5.5

* ERH for water uptake (20 ◦C) 84% 89%

Calories (kcal/g) 4.0 2.4 (EU)

Glycaemic index (GI) 68 35

Molecular formula C12H22O11 C12H24O11

Chemical structure

Int. J. Environ. Res. Public Health 2020, 17, x  13 of 27 

sweeteners in complex food matrices is an omnipresent challenge. Sound analytical methods are 
crucial for fulfilling growing needs in the food quality and safety fields. 

3. Applications in the Food Industry and Safety 

Huge efforts have been made to cut sugar intake in many food products for health reasons, 
particularly related to cardiovascular diseases and diabetes. This worrying phenomenon has 
attracted a ‘sugar tax’ that is imposed on food and drink industries in many countries. As 
confectioneries are more frequently consumed in the Western world, replacing sucrose is an ongoing 
challenge for food product developers to focus on alternatives that match aromas, sweetness, 
mouthfeel and texture. Maltitol forms part of the polyol group used for replacing sugar in the food 
industry. Polyols are generally relevant to the food industry for combatting weight control, diabetes 
and tooth decay. 

Maltitol is a sugar alcohol that comes from maltose, a disaccharide with a similar sweetness to 
that of sucrose. Maltitol has many applications in food products like bakery and dairy products, 
chocolate and sweets. It is commercially available as maltitol syrup (E965ii) and crystalline maltitol 
(E965i) and is already included in a wide range of foods like chewing gum, chocolate, tableted mints, 
and other related products such as hard and chewy sweets. 

Maltitol is a promising alternative to sugar as a bulk sweetener because its sweetness is almost 
85–95% of that of sucrose. Its hygroscopicity is low, and it possesses excellent flow properties and a 
crystalline structure that results in end products with a very good taste and mouthfeel. Maltitol has 
a low glycaemic response of 29 and a calorie value of 2.4 kcal per gram in both Europe and the USA, 
which are lower figures than for traditional bulk sweeteners like sucrose [2]. The glycaemic index 
(GI) of crystalline maltitol is 36 and the GI for syrup is 52 with a higher hydrogenated 
oligosaccharides content [45]. Table 2 compares some unique properties of maltitol are compared to 
those of sucrose. 

Table 2. A comparison of some physico-chemical properties for sucrose and maltitol. 

Physico-Chemical Properties Sucrose Maltitol 
Molecular weight 342 344 

Sweetness 1.0 0.9 
Solubility at 22 °C 67% 65% 
Melting point (°C) 168–170 144–152 

Heat of solution (cal/g) 4.3 −5.5 
*ERH for water uptake (20 °C) 84% 89% 

Calories (kcal/g) 4.0 2.4 (EU) 
Glycaemic index (GI) 68 35 

Molecular formula C12H22O11 C12H24O11 

Chemical structure 

  
*ERH—Equilibrium relative humidity. Adapted from Grembecka [41]. 

Given its many physico-chemical properties, the replacement of sugar with maltitol and its 
application in foods makes it extremely versatile. The main considerations for the food industries 
include cooling effect, solubility, hygroscopicity in response to relative humidity, sweetness and taste 
[46]. Maltitol can act as a bulking agent, humectant, emulsifier, sweetener stabilizer, or thickener in 
food and drink applications [41]. 

Int. J. Environ. Res. Public Health 2020, 17, x  13 of 27 

sweeteners in complex food matrices is an omnipresent challenge. Sound analytical methods are 
crucial for fulfilling growing needs in the food quality and safety fields. 

3. Applications in the Food Industry and Safety 

Huge efforts have been made to cut sugar intake in many food products for health reasons, 
particularly related to cardiovascular diseases and diabetes. This worrying phenomenon has 
attracted a ‘sugar tax’ that is imposed on food and drink industries in many countries. As 
confectioneries are more frequently consumed in the Western world, replacing sucrose is an ongoing 
challenge for food product developers to focus on alternatives that match aromas, sweetness, 
mouthfeel and texture. Maltitol forms part of the polyol group used for replacing sugar in the food 
industry. Polyols are generally relevant to the food industry for combatting weight control, diabetes 
and tooth decay. 

Maltitol is a sugar alcohol that comes from maltose, a disaccharide with a similar sweetness to 
that of sucrose. Maltitol has many applications in food products like bakery and dairy products, 
chocolate and sweets. It is commercially available as maltitol syrup (E965ii) and crystalline maltitol 
(E965i) and is already included in a wide range of foods like chewing gum, chocolate, tableted mints, 
and other related products such as hard and chewy sweets. 

Maltitol is a promising alternative to sugar as a bulk sweetener because its sweetness is almost 
85–95% of that of sucrose. Its hygroscopicity is low, and it possesses excellent flow properties and a 
crystalline structure that results in end products with a very good taste and mouthfeel. Maltitol has 
a low glycaemic response of 29 and a calorie value of 2.4 kcal per gram in both Europe and the USA, 
which are lower figures than for traditional bulk sweeteners like sucrose [2]. The glycaemic index 
(GI) of crystalline maltitol is 36 and the GI for syrup is 52 with a higher hydrogenated 
oligosaccharides content [45]. Table 2 compares some unique properties of maltitol are compared to 
those of sucrose. 

Table 2. A comparison of some physico-chemical properties for sucrose and maltitol. 

Physico-Chemical Properties Sucrose Maltitol 
Molecular weight 342 344 

Sweetness 1.0 0.9 
Solubility at 22 °C 67% 65% 
Melting point (°C) 168–170 144–152 

Heat of solution (cal/g) 4.3 −5.5 
*ERH for water uptake (20 °C) 84% 89% 

Calories (kcal/g) 4.0 2.4 (EU) 
Glycaemic index (GI) 68 35 

Molecular formula C12H22O11 C12H24O11 

Chemical structure 

  
*ERH—Equilibrium relative humidity. Adapted from Grembecka [41]. 

Given its many physico-chemical properties, the replacement of sugar with maltitol and its 
application in foods makes it extremely versatile. The main considerations for the food industries 
include cooling effect, solubility, hygroscopicity in response to relative humidity, sweetness and taste 
[46]. Maltitol can act as a bulking agent, humectant, emulsifier, sweetener stabilizer, or thickener in 
food and drink applications [41]. 

* ERH—Equilibrium relative humidity. Adapted from Grembecka [41].

Given its many physico-chemical properties, the replacement of sugar with maltitol and its
application in foods makes it extremely versatile. The main considerations for the food industries
include cooling effect, solubility, hygroscopicity in response to relative humidity, sweetness and

17



Int. J. Environ. Res. Public Health 2020, 17, 5227

taste [46]. Maltitol can act as a bulking agent, humectant, emulsifier, sweetener stabilizer, or thickener
in food and drink applications [41].

Awareness about eating low-calorie sweeteners, not only in patients with diabetes but also in the
general population, has increased because sweeteners are employed as ingredients in many low-calorie
foods: e.g., powdered drink mixes, soft drinks, dairy products, desserts, baked goods, chocolates,
sweets, puddings, canned foods, jams and jellies, confectionery and chewing gum. Low-calorie
sweeteners can be employed as table-top sweeteners at home, in restaurants and in cafeterias [47].

This section discusses how these properties offer advantages for developing food products,
with further details in the following sections on metabolism and health impacts.

Maltitol’s sweetness is pleasant and clean and accounts for up to 90% of that attributed to sucrose,
but its calorie value is 2.1–2.4 kcal/g (Table 2). Maltitol is also a non-cariogenic agent. Given its slow
absorption, the insulin response associated with its ingestion significantly reduces. When applied
simultaneously with short-chain fructo-oligosaccharides in sugar-free food product formulations,
it lowers postprandial glycaemic responses [41]. As its hygroscopicity is low and it remains stable at
high temperature, it is used in many baked products, and also as a variety of low-fat, reduced calorie
and sugar-free food. Given its similarities to sucrose, maltitol can replace it in many formulations on a
weight-for-weight basis. This allows many healthy snacks to be produced, including “sugar-free” or
those with “no added sugar.”

A summary of common food products in which sucrose is replaced with maltitol is shown in
Table 3.

Table 3. A summary of common food products where sucrose is replaced with maltitol.

Food Product Impact of the Replacement on Quality Attributes

Reduced sugar baked goods improved taste and reduced staling

Chocolate powder improved textural and sensory properties

Milk powder improved rheological properties

Frozen dairy foods and ice cream improved creaminess, lower glycaemic index

Drinkable yoghurts and flavoured milk reduced calorific content, better texture and sweetness profile

Candies and hard sweets visual appearance is maintained during thermal processing

Pectin jellies lower energy value, better physicochemical properties

Marshmallow fine granulometry maltitol powder and increased stability

Common maltitol applications include reduced-sugar baked goods, in which it can act as a 1:1
replacement for sucrose. Its sweetening and bulking properties are equivalent to those of sucrose.
For instance, addition of maltitol significantly impacts the quality of dough and bread by affecting
water mobility, thermal properties and retrogradation, which denote structure-function relations.
Maltitol can lower dough fermentation rates and specific bread volumes to a certain extent. One study
has shown that the presence of maltitol can rise the gelatinisation temperature of wheat starch and
reduce its enthalpy.

Hardness and chewiness of bread tend to become lower when maltitol is applied, which suggests
that maltitol can improve bread tasting properties. Low Field-Nuclear Magnetic Resonance data reveal
a weaker interaction between water and starch chains or the gluten network when maltitol is present [1].
This study demonstrated that maltitol performed a binding potential with water and retarded the
staling of bread. These phenomena are attributable to hydrophilicity and the hydroxyl number in
maltitol, and to its further restriction in water mobility. The crust lightness of maltitol biscuits decreased
by 25% because Maillard reactions did not occur, and biscuit texture was significantly softer with
significantly better overall acceptance [1]. This study showed that maltitol can be a potential food
additive to improve taste and to hinder the staling of bread. Nonetheless, more accurate comprehensive
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research into the interactions among maltitol, starch and the gluten network, and more rheological
experiments, are needed.

Maltitol’s low hygroscopicity makes it a polyol of choice for chocolate applications because it
contributes to high stability during conching and storage. Maltitol’s low hygroscopic character allows
chocolate to be refined under the same conditions as sucrose and for conching at temperatures up to
80 ◦C. Addition of sweeteners to chocolate helps to cut cocoa bitterness, and its impact on rheological
properties is also important for chocolate in end-product quality terms. Sucrose composition in
chocolate is about 40–50%, depending on the type, which confers many functional properties to
chocolate like sweetness, mouthfeel, texture, or particle size distribution (PSD) [48]. Employing
maltitol as an alternative sweetener in chocolate improves its textural and sensory characteristics and
enhances its storage stability due to anti-blooming effects [49].

The influence of maltitol and xylitol as bulking agents on the rheological properties of compound
milk chocolate with a simplex-lattice mixture design has been investigated. The results showed that
using maltitol and xylitol instead of sucrose can provide low-calorie compound milk chocolate with
no undesirable rheological effects on samples. The results demonstrated that chocolate combinations
containing 87.8% maltitol and 12.2% xylitol are optimum concentrations that produce the most
acceptable rheological properties [50].

Drinkable yoghurts and flavoured milks have become increasingly popular in recent years as
an alternative to high-sugar beverages, and also as delivery systems for prebiotics. High-potency
sweeteners and hydrocolloid stabilisers are used to lower these products’ energy content. This approach
gives a product with a distorted texture and an unpleasant mouthfeel. A more practical approach is to
add maltitol or maltitol syrup to replace sugar solids because maltitol significantly contributes to these
products’ overall sweetness and texture [51]. It is important to ensure that the polyol content of food
products remains below 20 g per serving to avoid possible laxative effects. With maltitol, developed
end products not only have a better texture because of more equivalent solids but also a more rounded
sweetness profile.

Maltitol and maltitol syrups can be suitably applied to bakery products, chocolate and hard
sweet production as they neither participate in Maillard reactions nor alter the product’s attractive
appearance during thermal processing [51].

Maltitol is a useful fat substitute and sugar replacement in frozen dairy food and ice cream as
it makes products creamy, sweet and sticky, and extends their shelf life. This makes the freezing
point and sweetness of no-added-sugar ice cream similar to that of full-sugar ice cream for the
same molecular weight, and sucrose results in a low-glycaemic-index ice cream without its texture
being compromised. Taste and sweetness can, thus, be adjusted for sensory optimisation with a
combination of sugars, including maltitol and sucralose supplementation to boost sweetness whenever
necessary [52]. Dairy flavour and desire for sweetness strongly correlate with vanilla flavour perception
that is lacking in alternative formulations. From the studied product formulations, a combination
of tagatose (6%), polydextrose (6%) and maltitol (3%) or maltitol (15%) and trehalose (2.5%) in a
formulation with milk cream and milk protein concentrate proves to be a potential formulation to meet
both sensory and physico-chemical requirements [52].

Hard sweets are essentially constituted of sugar syrup (sucrose and glucose syrup in traditional
products) that has been heated to reduce the moisture content to a very low level, insofar as the product’s
glassy state remains upon cooling [53]. Aerated confectionery, such as marshmallow formulated
with maltitol syrup and maltitol powder to replace glucose syrup and sucrose, has been successfully
developed. Maltitol syrups containing 55–65% maltitol make good products, in which maltitol forms
the major component of these formulations up to 70% of dry solids. For dusting powder applied to
outer surfaces, a fine granulometry maltitol powder provides stable products, and its use is preferred
to other polyols [53]. It can be used as a sweetener for sugar-free soft sweets and prevents other polyols
in the formulation being obtained from crystallising. Sweets made with maltitol have better chewing
and are not as sticky.
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Maltitol syrup is an excellent polyol for pectin jellies. While producing pectin jellies, their final
moisture content can slightly increase (0.3 ± 0.5%) to obtain a similar texture and shelf life to traditional
glucose sucrose jellies, and a small amount of carrageenan (0.4 ± 0.5%) can be added to increase the
firmness of products stored at high temperature and humidity [46]. These authors also recommended
a higher maltitol content of almost 75% to help to prevent pectin from setting too quickly, and they
advise depositing at temperatures above 90 ◦C [46].

In a recent study into reduced sugar jellies formulation from Physalis peruviana L. fruit, otherwise
known as Cape gooseberry, Inca berry, Peruvian groundcherry, or goldenberry, the authors showed
that the physicochemical and textural properties of jellies made their use promising in different foods
with a sweet taste, and offer further opportunities for future research into product development [54].
These authors suggested that maltitol and maltitol syrup sweetener are the most functional sugar
substitutes in the composition of jellies from physalis juice, as jelly with maltitol and maltitol syrup
had a 90% lower total sugar content than that of the jelly made with sucrose and 83% of that produced
with fructose.

In addition, the jelly obtained with maltitol and maltitol syrup had the lowest energy value
compared to jellies obtained with sugar and fructose. Henceforth according to the terms of EU
Regulation No. 1924/2006, jellies with physalis juice and maltitol/maltitol syrup can be classified with
nutrition claims such as “food with no added sugars” and “energy-reduced food” [54].

Maltitol is generally recognised as ‘halal’ as it is permitted by Islamic law and it is kosher pareve
as it meets all “kashruth” requirements. It is regarded as vegan-friendly and is GMO-free because raw
material starch comes from non-GMO plants [45]. Depending on the overall formulation, products
containing maltitol can display a number of label claims, including “no sugar added”, “sugar-free”
and “low-calorie”.

According to the evaluation of the European Food Safety Authority (EFSA) and the Codex
Alimentarius Commission, maltitol and other low-calorie sweeteners are safe for human consumption
and will not cause cancer or other health-related problems as long as they are consumed at acceptable
daily intakes (ADI) [47]. Similarly, extensive toxicological testing by the Joint FAO/WHO Expert
Committee of Food Additives (JECFA) has shown that maltitol syrups are safe for human consumption
and were given an ADI status. The EFSA is currently reviewing the technico-toxicological data
on maltitol and other sweeteners that are authorised as food additives in the EU. This on-going
re-evaluation is expected to be completed by the end of 2020 [55].

As maltitol is fermented in the colon, its digestion rate is slow and it is not completely digested,
which means a slower rise in blood sugar and insulin levels compared to glucose and sucrose [2] in a
study that evaluated the impact of confectionary sweeteners on the composition of gut microbiota.
An optimal dose of 34.2 g for maltitol plus polydextrose significantly increased the numbers of faecal
bifidobacteria, lactobacilli, and short-chain fatty acids after maltitol ingestion compared to sucrose
intake [17]. To date, however, not enough data are available to determine the specific effects of maltitol
on gut microbiota, so more studies are necessary [47].

Compared to the reactions that occur after consuming standard sucrose-containing chocolate, the
occasional or regular consumption of increasing doses of maltitol is not associated with significant
digestive symptoms but does result in increased diarrhoea [10]. Generally speaking, most polyols,
including maltitol, have a few side effects when overeaten, such as laxative, gastrointestinal symptoms,
bloating, diarrhoea and abdominal pain. Therefore, if any food product contains more than 10% added
maltitol or other polyols, it must include the statement “excessive consumption may have laxative
effects” [56].

4. Metabolism

Maltitol has substituted for sucrose in many food applications on a weight-for-weight basis due to
its slow unfinished absorption through the small intestine and fermentative degradation by intestinal
microbiota [4]. The laxative effect of polyols is frequently cited as the main cause of their lack of
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market penetration (other than their cost vs. sugars). Luckily however, maltitol is one of the best
tolerated polyols.

The main features of the metabolism of polyols xylitol, sorbitol, erythritol, mannitol, isomalt,
lactitol, maltitol and hydrogenated starch hydrolysates have been described by many authors [57–59].
They include their metabolism, absorption and glycaemic effects, energy utilisation, gastrointestinal
tolerance and dental properties. Although structural similarities exist between these polyols, data
reveal that the metabolic characteristics of each polyol, especially their calorific values, have to be
individually considered [4]. Moreover, we should consider each person’s specific condition. Basically,
studies on maltitol metabolism have focused on its degradation in the intestines and its effects on the
adaptation of dental plaque to metabolise maltitol. Thus, we focus on these two topics.

Maltitol is added to many foods as a sweetener and sugar substitute in relation to its possible
interaction with different ingredients. Some studies have reported that the concentration of a sweetener
and the characteristics of foodstuff remain stable throughout their shelf life and do not significantly
vary when looking at normal food products: yoghurt, burfi, flavoured milk [29], and chocolate [49].

Regarding the oral metabolism of maltitol, it is noteworthy that the oral cavity is a complex
ecosystem with the most diverse microbial populations and the second largest diverse microbiota
after the gut, with over 700 species of bacteria [60]. In the oral cavity, most habitats are dominated by
Streptococcus, and other species are located in different areas, followed by Haemophilus in buccal mucosa,
Actinomyces in supragingival plaque, and Prevotella in the immediately adjacent (but low-oxygen)
subgingival plaque [61,62].

A very important element of pH regulation is saliva (pH 6.5–7), with buffer capacity in the oral
cavity. Thus, saliva pH lowers more after consuming snacks containing maltitol. After 10, 15, 20 and
30 min, significant changes take place in saliva pH compared to the initial pH (the zero minute) [63].
Some research has found [63,64] that patients at high caries risk have a significantly lower saliva pH
than patients at low caries risk. The type of sweetener in snacks also affects saliva pH, as shown by
a reduction after patients have eaten snacks containing sucrose compared to those who ate snacks
containing maltitol. This may be because Streptococcus mutans cannot change maltitol into acid because
essential enzymes are lacking, even though maltitol can penetrate into the membrane of the bacteria
cell, which reduces the activity of glucosyltransferase [65] Sucrose can easily be fermented into lactic
acid and piruvic acid and, thus, enhance the enzymatic activity of glucosyltransferase [66].

For other polyols, it has been demonstrated both in vivo and in vitro that xylitol and sorbitol
inhibit the growth of a number of cariogenic bacteria, including Streptococcus mutans and Streptococcus
sobrinus [67–71]. The mechanism is assumed to be due to the accumulation of sugar alcohol in the cell
upon uptake, which results in the formation of a toxic sugar phosphate [71,72]. The effect of maltitol
on dental plaque has been studied by Keijser et al. [57], and knowledge about its microbiota is a key
element in studying the degradation of polyols. Upper buccal plaque microbiota is dominated
by members of the phylum Proteobacteria (30.9%), Firmicutes (26.4%), Actinobacteria, (19.2%)
Bacteroidetes (14.0%) and Fusobacteria (9.0%). Lower-lingual plaque is dominated by Fusobacteria
(28.2%), Bacteroides (20.6%), Proteobacteria (19.8%), Firmicutes (18%) and Actinobacteria (12.0%).
The dominant genera in upper-buccal plaque samples are Haemophilus, Streptococcus, Corynebacterium
and Neisseria. Lower-lingual plaque samples are dominated by Leptotrichia, Fusobacterium, Prevotella,
Veillonella and Capnocytophaga. The effects of polyol-sweetened gums on healthy oral microbiota have
not yet been established [57].

Another study indicates that dental plaque adjustment in order to metabolise sucrose and sorbitol
occurs with frequent exposure to these sweeteners, while frequent exposure to maltitol and xylitol
does not result in plaque adjustment to metabolise these sweeteners [65].

Regarding the intestinal metabolism of maltitol, it is relevant to consider that low-digestible
carbohydrates are consumed incompletely, or not, in the small intestine, but are at least partially
fermented throughout the large intestine by bacteria [73]. Maltitol belongs to this group (glucose
plus sorbitol) as it is included in polyols. Carbohydrates of at least two units usually need to be
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reduced enzymatically into monosaccharides before they can be absorbed in the small intestine and
enter circulation.

During a clinical trial, the consumption of maltitol-polydextrose chocolate contributed to intestinal
prebiotic effects, but these findings cannot be clearly extrapolated due to the mixture of putative
functional ingredients in the experimental diet [17]. Tolerance to slowly absorbed bulking sweeteners
like sugar alcohols is often assessed by fasting healthy volunteers eating large or increasing quantities
of the test substance, either on its own or diluted in water [10]. Stool excretion after ingesting sugar
alcohols is negligible, which implies that sugar alcohols reach the large intestine when they are almost
completely digested by colonic flora [74]. Yet this malabsorption has certain side effects, such as
the fermentation of unabsorbed sugar leading to flatulence. As polyol molecules are osmotically
active, diarrhoea may occur when the ability of colonic flora to ferment these low-molecular-weight
carbohydrates is surpassed and osmotic stress arises in the intestinal lumen [75]. Regular maltitol
consumption did not lead to increased rectal gases and in breath H2 production did not lower compared
to occasional maltitol consumption. This means that regular maltitol consumption did not result
in colonic flora adaptation and was variable with different unabsorbable sugars [76]. These results
demonstrate that a larger part of ingested maltitol is fermented by intestinal microbes than is hydrolysed
by digestive enzymes. Although maltitol is catabolised to carbon dioxide via intestinal microbes, there
is much less available energy than that of digestible sugars like sucrose [8].

Several carbohydrates, such as isomalt, sorbitol and lactitol, were worse tolerated than similar
amounts of maltitol [9]. We only found one study that has compared the effects of maltitol to those of
polyglycitol [74], but with different amounts of both. It can y be inferred that certain sugar alcohols are
just as well tolerated at the respective intakes (no diarrhoea or other side effects).

According to research into rats and humans, Hosoya [77] concluded that maltitol would not be
hydrolysed, but only slightly absorbed from the small intestine before being quickly excreted again.
Other investigators, however, stated different degrees of absorption. The detailed study of Rennhard
and Bianchine [69] concluded that maltitol is partially hydrolysed in the stomach, partially absorbed
intact from the small intestine, and partially degraded by gut flora to volatile fatty acids, which are
easily absorbed and utilised by the microbiota.

According to research into rats and humans, Hosoya [77] concluded that maltitol would not be
hydrolysed, but absorbed only slightly from the small intestine before being quickly excreted again.
Other investigators, however, stated different degrees of absorption. The detailed study of Rennhard
and Bianchine [78] concluded that maltitol is partially hydrolysed in the stomach, partially absorbed
intact from the small intestine, and partially degraded by gut flora into volatile fatty acids, which are
easily absorbed and utilised by the microbiota.

Another benefit of several sweeteners is the relation with H2 production in the small intestine,
which can reduce hepatic oxidative stress, diminish the severity of neurological disorders [79,80],
lead to lower concentrations of inflammatory cytokines [81], and has been employed as a drug for the
suppression of postprandial hyperglycaemia by inhibiting the digestion of disaccharides. It can also
suppress the risk of myocardial infarction in patients with type 2 diabetes [82].

Hydrogen breath studies have indirectly tested malabsorption by measuring hydrogen expiration,
a result of colonic fermentation. The major source of exogenous H2 is the intestinal microbiome
which produces it from indigestible components whose source can be dietary fibre (non-digestible
carbohydrates and lignin), including functional fibre (isolated non-digestible carbohydrates shown to
have beneficial physiologic effects on humans) [83], and can be responsible for inducing H2 production.
Matsumoto et al. [84] concluded that a combination of the different chemical structures of indigestible
components, such as H2-producing milk containing sugar alcohol (maltitol), may be important and
effective for H2 production by various intestinal microbiomes (Rikenellaceae, Clostridiales Incertae,
Clostridiales, Ruminococcaceae and Alistipes).

Table 4 summarises several benefits of the regular consumption of maltitol versus other sweeteners.
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Table 4. Several benefits of the regular consumption maltitol versus other sweeteners.

Maltitol Consumption Benefits Reference(s)

Does not reduce the saliva pH [65]
Excellent relation with different ingredient of foodstuff [29]

It is not fermented in the oral cavity [66]

The oral cave micro-organisms cannot produce an adjustment to metabolise the maltitol [65]
Possible probiotic effects [17]

Produces less energy in small intestine [17]
Partially hydrolysed in the stomach [78]

Partially absorbed in the small intestine [78]
Easily absorbed and utilised by the microbiota [78]

Improvement of the H2 production by intestinal microbiomes [84]

5. Impacts on Health

Thorough toxicological studies have proven that maltitol is safe for use. The Joint FAO/WHO
Expert Committee of Food Additives (JECFA) has assigned it as an acceptable “not specified” daily
intake [85–87]. It is authorised in most countries for food use, although some countries (EU, USA)
have their own particular legal standards and purity specifications for this substance, while others do
not and instead follow the Codex Alimentarius specification for maltitol. Polyols are known as food
additives in the EU, and their use in food is regulated by Sweeteners in Food Regulations. Maltitol
(and maltitol syrups) have been assigned E number E965 and are approved for use in food at quantum
satis for a variety of food items specified in the regulations, usually bakery goods, confectionery,
ice cream, desserts and fruit preparations. Polyols are not usually permitted in drinks (except erythritol)
due to over-consumption laxation issues. Maltitol (and other polyols) cannot be used in foods in
association with sugars in the EU unless the polyol is employed, as a result of the mixture, for a
technical purpose other than sweetness or towards a 30% reduction in calories that results from the
combination. Prohibitions on using polyols in conjunction with sugars do not exist in the USA, and the
Food and Drug Administration (FDA) finds polyols to be a food additive or ‘Generally Recognized
as Safe’ (GRAS). Maltitol has a self-affirmed GRAS status [4,88]. Of all sugar alcohols, maltitol most
resembles sugar flavour. It is not cariogenic and is safe for diabetics [89,90].

Its usage does not facilitate tooth decay [6,88,91] because it cannot be fermented by oral
bacteria [7,92]. Daily use of gum containing maltitol induces the inhibition of some bacteria present
in supragingival plaque microbiota, many of which are known as first dental surface colonisers [57].
Several in vitro and animal experiments [93,94] have identified the oral health impact of maltitol, as have
clinical trials [95,96]. Yet maltitol’s health advantage is not restricted to dental care. Evidence from
previous research works indicates that maltitol can have major anti-hyperglycaemic potential [3,6,97,98].
This is because a single oral administration of 50 g of maltitol to healthy individuals resulted in
substantially lower glycaemic and insulin responses compared to administering the same volume of
glucose or sucrose [99,100]. It has also been documented that the intake of 30 or 50 g of maltitol as a
single oral dose leads to a lower glucose and insulin response compared to diabetic subjects’ ingestion of
an equal volume of maltose or glucose [101,102]. Overweight participants fed low-fat, low-calorie and
high-amylose cornstarch-sweetened maltitol muffins displayed lower glucose, insulin and lipidaemic
responses, but improved satiety versus those fed traditional sugar-sweetened muffins [98]. Two prior
reports recorded a single oral maltitol administration, namely sorbitol mixture (60:7) [100] or 50 g
of maltitol [103], which significantly reduced blood insulin and glucose responses in relation to
administering the same volume of glucose in both normal and diabetic participants.

A study by Kang et al. [104] documented in vitro alpha glucosidase, alpha amylase and sucrase
inhibitory maltitol activity, which indicates that maltitol can be useful for regulating carbohydrate
digestion and postprandial hyper-glycaemia. Contrarily to this, Matsuo [97] stated that maltitol did
not inhibit intestinal glucosidase, sucrase or maltase operations with a single oral dose of a maltitol and

23



Int. J. Environ. Res. Public Health 2020, 17, 5227

sucrose mixture (25:25 g) or of sucrose (50 g) or maltitol (50 g) given to healthy individuals. Based on
the findings of the above-mentioned studies, it can be argued that maltitol may show a hypoglycaemic
reaction by other mechanisms, such as inhibiting the absorption of intestinal glucose and/or increasing
muscle glucose uptake, rather than inhibiting intestinal carbohydrate digesting enzyme activities [105].
Thabuis et al. [3] also noted that, in accordance with FAO recommendations, the maltitol glycaemic
response (GR) was significantly lower than the glucose GR up to 90 min after its administration.
The insulin-emic response (IR) to maltitol was substantially lower than the glucose IR up to 2 h after
administration, according to FAO recommendations. Maltitol showed few glycaemic and insulinaemic
responses. Both substances were well tolerated by all the volunteers who participated in the study up
to a single intake of 50 g.

Chukwuma et al. [105] observed that maltitol prevents the synthesis of intestinal glucose and
improves the accumulation of insulin-mediated muscle glucose ex vivo, but not in normal and type
2 diabetic rats when co-ingested with glucose. Dietary glucose is consumed quickly from the small
intestine. However, experiments in vitro have indicated that the proximal [106] or mid-small intestine
(part of the duodenum and jejunum) [107] shows the highest glucose absorption. Hence the jejunal rat
intestine portion was used in the ex vivo procedure to study glucose absorption. It is also recognised
that osmotic pressure can affect the absorption of intestinal water and glucose. Previous in vitro
research has indicated that lowering osmolality in isolated rat duodenums enhanced the uptake of
luminal water and glucose [108].

The peak value of 5.20 ± 0.72 mg/cm jejunum of glucose absorption was found in the ex
vivo absorption research by Chukwuma et al. [105], which lowered to 3.00 ± 0.35 mg/cm jejunum
in the presence of 2.5% maltitol. Maltitol’s inhibitory effect on jejunal glucose absorption was
concentration-dependent, with the lowest value of 1.20 ± 0.20 mg/cm jejunum at 20% maltitol.
These results indicate a concentration-dependent inhibitory influence of maltitol on ex vivo jejunal
glucose absorption, which may be attributed partly to a growing osmolarity (388.48–896.68 mOs m/L)
influence of increasing maltitol concentrations (2.5–10%). Unlike the major ex vivo inhibitory effect
of maltitol on jejunal glucose absorption, however, a single oral maltitol administration that was
co-ingested with glucose did not significantly affect or lower the glucose absorption index in intestinal
segments. This effect similarly translates into the observed marginal effect in normal glycaemic and
diabetic animals on postprandial blood glucose levels. As seen in several previous studies [78,109,110],
this finding under in vivo conditions may be related to maltitol hydrolysis by disaccharidases of small
intestinal mucosa. The recent findings of Chukwuma et al. [105] tend to further clarify the apparent
inconsistency between the documented effects of maltitol on alpha glucosidase and alpha amylase,
which ranged from in vitro [104] to in vivo experimental conditions [97].

Gastric emptying and digesta gastrointestinal tract transit levels primarily affect nutrient absorption
in the small intestine. Previous research has shown that delayed gastric emptying and rapid digestive
transit can lead to less intestinal absorption of nutrients and food intake [111,112], which is believed
to be a mode of action of acarbose in regulating postprandial blood glucose production in diabetic
patients [113]. A single oral dose of maltitol has recently been shown to have no major impact on
gastric emptying in normal or diabetic animals, which could be partly responsible for the negligible
effect of maltitol on small intestinal glucose absorption [105]. Nevertheless, maltitol accelerated the
digestive transit in the caecum of diabetic rats, but not other parts, which did not affect overall intestinal
glucose absorption because most glucose absorption occurs in the first quarter to the mid-small
intestine [106,107].

Circulating glucose uptake by cells is a significant mechanism for the body to preserve glucose
homeostasis, as blood glucose rises owing to glycogen degradation, dietary glucose absorption and
gluconeogenesis [114] for either storage or energy metabolism. Insulin is the main controlling hormone
in activating the clearance of circulating glucose through insulin-mediated glucose absorption in
cells [114]. Some previous studies have stated that hyperosmolarity improves muscle glucose absorption
by AMP-Kinase (adenosine monophosphate-Kinase) regulation and/or glucose transporter type 4
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endocytosis inhibition [115], but recent ex vivo research has revealed that while maltitol demonstrates
insulin-mediated glucose uptake (GU50 = 7.31 ± 2.08%), it does not have any substantial insulin-free
glucose uptake effect on isolated rat psoas muscle (GU50 = 111.12 ± 19.36%) [105]. This result
may indicate that maltitol can potentiate insulin-mediated glucose absorption in muscles, at least in
ex vivo environments, when increased osmolarity (388.48–896.68 mOsm/L) due to higher maltitol
concentrations cannot be an influential factor in this regard.

Regarding maltitol’s possible genotoxicity and teratogenicity, a few decades ago Takizawa and
Hachiya [116] stated that maltitol was not mutagenic in Escherichia coli and Salmonella typhimurium
strains and did not induce the frequency of micronucleus in mice bone marrow cells. Canimoglu and
Rencuzogullari [117] also stated that maltitol did not induce the mean of sister chromatid exchanges
and the percentage of chromosome aberrations at all concentrations and for all treatment periods in
human lymphocytes but did induce the micronucleus frequency with no dose dependency.

In a study by Canimoglu and Rencuzogullari [118], conducted to reveal the genotoxicity and
cytotoxicity of maltitol, rats were intraperitoneally administered with up to 10 g/kg body weight (bw)
maltitol concentrations; that is, a very high dose. Despite this dose, maltitol was neither genotoxic nor
cytotoxic. It ought not to be believed that 10 g/kg bw of maltitol should be given to humans in one day.
Hence the maximal employed maltitol dose cannot be surpassed, and it can be inferred that maltitol
has no genotoxic impact on the in vivo test system.

Maltitol was not proven cytotoxic in rat bone marrow cells because it did not lower the mitotic
index. Maltitol was not cytotoxic in human lymphocytes [117], but for other sweeteners there are
reports that some were cytotoxic [119–121] and some were not [122]. Maltitol was not shown to be
teratogenic, but an embryotoxic influence was demonstrated by reducing the weight of foetuses and
inducing growth retardation at a very high concentration (4 g/kg bw) [112].

Therefore, at lower doses, it can be inferred that maltitol poses a low risk for humans but may
induce diarrhoea when taken at high doses [112]. Additionally, maltitol may induce hyper-glycaemia
and lower embryo weight during pregnancy when used at high doses over long periods, particularly
during the first trimester of pregnancy [112]. Accordingly, caution must be taken in utilising it at
higher concentrations in food and beverages for the health of our generation and future generations.
Table 5 summarises the main attributes of consumed maltitol and its relations to health impacts.

Table 5. The main attributes of maltitol for its consumption, taking into account impacts on health.

Attribute Reference(s)

Not cariogenic [89,90]
Prevents tooth decay [6,88,91,95,96]
Antihyperglycaemic [3,6,97,98,104,105]

Insulin-mediated glucose uptake [105]
Not genotoxic [118]
Not cytotoxic [118]

Not teratogenic [118]
Decreases foetus weight [118]

Causes growth retardation at high doses (4 g/kg body weight) [118]

6. Conclusions

Maltitol remains innocuous and helps to improve consumers’ health quality due to benefits such
as exerting prebiotic effects, lowering calorie consumption due to sucrose, and promoting dental health.
Due to the similarity of the physicochemical features of maltitol and sucrose, the latter can be easily
substituted for maltitol in several foodstuffs; we therefore considered several analytical methods in the
determination of maltitol in food samples and its identification can be executed by HPLC methods,
which are the most widely used analytical methods of choice. When considering the pros and cons of
different analytical methods, HPLC is easier and widely used to detect maltitol in foods.
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Based on our literature review, in order to gain a better understanding of the metabolism of
maltitol and its impacts on human health, more studies need to be conducted to determine the effects
of larger maltitol doses over longer periods of time on gastrointestinal tolerance, gut microbiota in both
the small and large intestines, and oral cavity. Since a high consumption of maltitol has some adverse
effects such as flatulence and laxative effects, adequate information has to be provided to consumers.
Labelling foodstuffs containing sweeteners (>10%) that “excessive consumption may have laxative
effects” is an important way to provide information on such effects.
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Abstract: At a moment when the population is increasingly aware and involved in what it eats,
both consumers and the food sector are showing more interest in natural foods. This review work
discusses, addresses and provides details of the most important aspects of consumer’s perceptions of
and attitudes to natural foods and in-depth research into natural sweeteners. It also includes issues
about their use and development as regards health impacts, food security and sustainability. In line
with our main research outcome, we can assume that consumers are very keen on choosing foods
with clean labelling, natural ingredients, preferably with other functional properties, without the
loss of taste. In response to such a phenomenon, the food industry offers consumers alternative
natural sweeteners with the advantage of added health benefits. It is noteworthy that Nature is a
superb source of desirable substances, and many have a sweet taste, and many still need to be studied.
Finally, we must stress that being natural does not necessarily guarantee market success.

Keywords: consumer’s perceptions and attitudes; food industry; food security; health impacts;
natural food products; natural sweeteners; sustainability

1. Introduction

In the 20th century, developed countries resolved the lack of food security with a major contribution
from agri-food industrialisation [1–3]. Food processing has played a vital role in prolonging food
products’ shelf life, mitigating food losses and reducing waste and in enhancing the production of
nutrients and their availability [4,5]. Yet day-to-day consumer perceptions rely on other factors apart
from these achievements. In modern societies, more globalised markets and more manufacturing
efforts made in the food chain have led to knowledge gaps and a perceived separation between
local manufacturers and citizens (e.g., how foods are produced, where they are produced, etc.) [6,7].
Consumers are gradually becoming more aware to natural ingredients, while the growing importance
of naturalness among consumers has meant key implications for the food industry [8]. This could well
have implications for not only developing and selling food, but also for the increase in emerging food
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technologies. It is possible that those food products not perceived as natural are not accepted by lots of
consumers in the majority of countries.

The demand for zero-calorie and naturally derived sweeteners has dramatically grown in the
last decade because consumers are more mindful of their health [9]. For decades sweeteners have
been used to make food more flavourful and to attract consumers. They were first adopted because of
high-calorie sugar-to-diet ratio, and this favoured obesity in the general population, which became
widespread in infants and children [10]. Thus, a low-calorie sweetener, saccharine, became available in
the 1980s. As this sweetener was so popular, others followed, including cyclamates, aspartame and
acesulfame K, which are the most widespread. Sweeteners have long-since been the object of
controversies and conflicts over the years, which have included allegations of liver and bladder toxicity,
carcinogenicity, foetus malformations, along with other dangers [11]. Whereas all these allegations
have been investigated, sweeteners were considered safe [12], although some loss of consumer trust
remains as some are not permitted in the USA, while others are allowed in the EU (e.g., cyclamate
and cyclamic acid), but are not permitted in the USA (under E 952). Hence the need for natural
substitutes is crucial [13]. Natural sweeteners and synthetic sweeteners have the same purpose: to act
as a sweet flavour while fewer or no calories at all to diet. Natural sweeteners can be classified as two
categories: high-potency sweeteners and bulk sweeteners. The former’s potency is greater than the
sweetness of one sucrose molecule. The latter’s potency is the equivalent to one sucrose molecule,
or less, with sucrose being the international standard for sweetness.

The main aims of this review were to provide details of and understand consumers perceptions
and attitudes to natural food products, and to study in-depth natural sweeteners, mostly aspects related
to their use and production in health impacts, food security and sustainability terms. Special attention
was given to sweeteners, which are unanimously considered in the literature to have a good taste,
high solubility and high stability, be safe with an acceptable cost-on-use, namely, erythritol glycyrrhizin,
tagatose, steviol glycosides and thaumatin.

2. Consumer Perceptions of and Attitudes to Natural Food Products

Humans are inherently connected to natural objects [14], so it should come as no surprise that
most humans have clearly preferred natural foods in the last few decades [8,15]. The findings of
the Nielsen Global Health and Wellness Survey [16], which was conducted in 60 countries and
involved 30,000 consumers, revealed that the most essential food characteristics are naturalness,
freshness and minimal processing. The findings of the Kampffmeyer Food Innovation Study [17],
conducted with over 4000 consumers from eight European countries, indicate that food naturalness is
a “decisive buying incentive,” and that approximately three quarters of respondents perceived a close
“natural” + “health” link. The market research outcomes generally suggest that many consumers in
developed countries usually eat natural foods. From the natural science point of view, naturalness
definitely does not imply that a food product is healthier, less dangerous or tastier, although this is not
how most people perceive naturalness [18,19].

Consumers perceive naturalness as a beneficial characteristic of food items. However, the relative
importance of food naturalness varies across lands, cultures and throughout history [20]. Human beings
have conventionally sought to monitor and reduce environmental threats. The arrival of increasingly
processed foods in developed countries in the 1950s provided longer food shelf life, and better food
and nutrition security [4,5]. It was at that time when consumers started showing a strong preference
for processed foods. Conversely, consumers’ everyday experience depends on other things apart
from these accomplishments. Today, highly globalised markets and intensified food chain production
in industrialized economies have added to a knowledge gap and perceived distance between food
manufacturers and consumers [6,7].

Globalisation and industrialisation go hand in hand with a more man-made and higher risk that
enhance citizens’ perception of modernity risks [21]. In the last few decades, food safety incidents
have impacted Europe, such as dioxin and bovine spongiform encephalopathy [22,23]. Consumers are

34



Int. J. Environ. Res. Public Health 2020, 17, 6285

concerned about excess pesticide use by traditional industrial agricultural methods [24], the employment
of artificial ingredients, colourants or additives like E133 [25], and questionable food innovations,
like genetically modified organisms [26], being introduced. This has made consumers suspicious or
sceptical about the negative health consequences that this food system entails [3]. Growing public
concern about what the food system does to climate change and its general negative impact on
sustainability [27] mean that consumers now question the social and environmental consequences of
food production [28,29].

Consumers generally prefer food to be nutrient-fed and satiated, while price and taste are other
important factors [30,31]. However, it is often suggested that food consumption in industrialized
societies is presently affected by three particular major trends: convenience, health concerns,
sustainability [32]. Health concerns are driven by consumers’ affluence, but are also explained
by not only the rising number of food- and lifestyle-related diseases (i.e., obesity, diabetes, etc.) [7,33],
but also increasing intolerances and allergies to certain components and specific food products like
gluten. These aspects also motivate consumers to pay more attention to healthy food items that promote
healthier lifestyles at older ages and that lower the incidence of some diseases. Sustainability concerns
come over according to increasing knowledge of emissions released by traditional agricultural
activities [1]. This has led to an ever-growing expansion of organic farming and markets, and can
also explain why some consumers seek products, such as ‘local food’ products (food miles) and why
they are willing to pay more for water-saving products [34]. Convenience food refers to the number
of meals not eaten at home or home-delivered meals as opposed to homemade meals. This figure
has significantly risen in past decades [35], which suggests that consumers are involved in additional
capabilities of food items to save time (e.g., frozen foods, ready meals, microwavable food, etc.).

By analysing the factors that impact individual differences in the perceived importance of
naturalness, although high mean values of the importance of naturalness in foods (INF) were found
in most studies, individual differences appeared in how important naturalness was perceived [8].
For psychological factors, several works have indicated the importance of consumers’ values for
explaining INF. Idealism [36], tradition and universalism [37] were positively associated with INF,
whereas hedonism and power correlated negatively with INF [37]. Interest shown in health correlated
positively with INF [38,39], and attitudes to novel technologies, chemicals and functional foods
correlated negatively [38,40–45]. Some experiments revealed a certain conceptual similarity between
predictors and how INF was calculated. Attitudes to traditional and organic food, along with food
involvement and neophobia were positively related to INF in a number of research works [46–51].
The research by Olbrich et al. [47], which included over 10,000 German consumers, revealed that
attitudes to organic food were related to INF. Similar findings are reported in Taiwan by Hsu et al. [48].
These two experiments indicated that no difference appeared between INF and items assessing
organic food preferences. Very few experiments examined the relation linking INF with personality
characteristics. Steptoe et al. [39] reported a positive association for INF and the control locus,
while Huotilainen et al. [52] found that the perceived INF value was not related to consumer willingness
to accept food innovations.

As for consumer attitudes to food naturalness affecting their behaviour and intentions, some
studies report INF measurement items overlapping measuring intentions or behaviours in relation to
eating organic food [49,51,53,54]. INF influences intention to eat in a more enviro-friendly way [55]
with fresh [56], local/traditional [52,57] natural [58] and low-calorie food items [59]. The results
cross-country analysis obtained by Hemmerling et al. [57] were inconclusive; INF had a strong impact
on local/traditional foods in Italy and Germany, but was negligible in The Netherlands, Poland,
France and Switzerland. Only two experiments have investigated how INF affects consumer decisions
about eating functional food, but the results were inconclusive. Kraus [60] reported substantial
effects in Poland, but the research by Urala and Lähteenmäki in Finland [61] proved unsubstantial.
Lähteenmäki et al. [62] also reported that INF adversely affected purchase intention to buy genetically
modified cheese in Finland, Denmark, Sweden and Norway. In their works, Lusk et al. [63] saw
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that INF increased the probability of selecting non-clone or non-hormone milk as opposed to the
clone or hormone variety. Many research works undertaken in different countries have revealed
that INF significantly affects eating healthy [64–68], organic [69] and traditional foods [46,70], and
eating unhealthy [66,67] and convenience foods [71]. Roininen and Tuorila [72] and Zandstra et al. [73]
found that INF did not affect unhealthy or healthy eating. Small sample sizes (n = 144 and n = 132)
could potentially explain such insignificant results. With their survey of 197 Spanish consumers,
Carrillo et al. [74] found that perceived naturalness of functional foods increased their sales.

Regarding natural food ingredients, which have attracted far more attention from public and food
manufacturers, for a few decades now it has been worth emphasising that consumers mainly choose
food without additives but, if they are not available, the same consumer chooses food containing
natural additives rather than synthetic ones [11,13]. Consumer research has revealed that consumers
have increasingly become more knowledgeable of food additives and more frequently prefer natural
additives to their artificial analogues [40,75,76]. Unlike artificial sweeteners, which are all capable of
structural modification in the hope that better tasting analogues will be discovered, natural sweeteners
must be used ‘as are’ simply because any structural change made to a natural sweetener to improve
its taste profile will automatically destroy the ‘natural’ proposition and position. So, although the
consumer interest level is high, identifying a natural sweetener with the requisite sensory quality is no
trivial undertaking [77].

3. Natural Sweeteners

Preference for sweet taste is not only innate, but universal [78]. Food products related to a sweet
taste characteristically contain simple carbohydrates in the forms of fructose, glucose and sucrose,
which are metabolised to produce energy rapidly, as wee as complex carbohydrates in the form of
starch for long sustained energy and storage. However, the sweet taste can be induced by the presence
of peptides, D-amino acids, glycosides, proteins, coumarins, ureas, substituted aromatic compounds,
dihydrochalcones and other nitrogenous substances [79]. Yet all sweet-tasting compounds interact
and activate a single receptor, which is expressed on the surface of taste buds, the TAS1R2-TAS1R3
heterodimer, and contains multiple binding sites to explain the range of compounds that induce
perceived sweetness [80].

Honey used to be the main sweetener in human diet. However, in the 18th century, the process
of extracting sucrose from sugar beet and sugar cane grew exponentially and clearly assumed
preponderance. Nowadays, sucrose, or common table sugar, remains the most traditionally used
sweetener, and is available in a variety of refined forms [81]. In 2018 and 2019, global sucrose
consumption came to 174 million metric tons [82]. In the last few years, sugar overconsumption has
become pandemic, with serious consequences in public health terms. There is clear evidence for an
association between eating too much sugar and being at higher risk for dental caries, type II diabetes
obesity and cardiovascular diseases, among other non-communicable diseases [83]. Given this scenario,
sweeteners in food products have spread, and this product is major a target of much interest for the
industrial and scientific communities.

Many synthetic sweeteners have been developed, but today demand undoubtedly lies in natural
sweeteners, preferably the high-intensity kind; i.e., with low-calorie contributions. This trend stems
from not only growing consumer concern about the harmful effects of a diet that includes too much
sugar, but also the problems that arise from employing artificial food additives. Although many
low-calorie sweeteners are readily available, only a few can be used by the food industry, mainly because
of safety concerns and technological problems [81]. It is worth noting that, apart from sweetening,
these compounds can influence a product’s colour, flavour, texture and shelf life [84].

The most important aspects when selecting a sweetener have to do with its physico-chemical
properties, such as thermal stability and solubility in water, but also production cost and safety [85,86].
Its sweetness potency is extremely relevant; that is to say, sweeteners can be classified in line with their
intrinsic characteristics (nutritive value, sweetening power) and origin (synthetic, semisynthetic and
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natural) [87]. Depending on their sweetness level in relation to sucrose, considered an international
reference (sweetness potency = 1), sweeteners are grouped into two classes: bulk and intense.
Bulk sweeteners have a similar or less sweetening potency vs. sucrose, and are used to typically confer
low-calorie food products preservative action, bulk and texture [88]. They can be employed in baked
food products, breakfast cereals, preserved foods, desserts, cakes, jams, ice cream and sauces [89].
To the sweeteners in this category we indicate sugar alcohols like maltitol, sorbitol, lactitol, xylitol,
erythritol, mannitol, isomalt, hydrogenated starch hydrolysates and hydrogenated glucose syrups [86].
Trehalose and tagatose are two new compounds with a similar suitability to sugar alcohols [86,89].
Bulk sweeteners are frequently utilised in the food industry for the benefits they offer over sucrose in
both functional aspects (e.g., lowering the freezing point of a frozen desert or of the Maillard reaction)
and nutritional terms (e.g., slower assimilation). However, these sweeteners do not substantially lower
the calorie value of a food [89].

The sweetness that intense sweeteners provide is much more than sucrose and in different
potencies [88]. Given their high sweetness potency, very small amounts are required to accomplish the
desired sweetening effect. Hence their contribution to a product’s energy value is minimum, which is
most advantageous [87]. Despite them often being called “artificial sweeteners”, such compounds
can be synthetic (e.g., saccharin, aspartame, sucralose, acesulfame-potassium, cyclamate, alitame,
neotame, dulcin), semisynthetic (e.g., neohesperidine dihydrochalcone) or natural (e.g., rebaudioside
and stevioside) [88]. Intense sweeteners are of widespread use in processed foods, especially carbonated
and non-carbonated drinks, canned food, baked food, sweets, jellies and puddings [89].

Although an origin-based sweetener classification is not considered by authorities like the
European Food Safety Authority (EFSA) or the US Food and Drug Administration (FDA), we adopt
this classification because, given their growing popularity, we pay attention to natural sweeteners.

Natural sweeteners encompass wide-ranging compounds like sugars, sugar alcohols, amino acids,
proteins, terpenoid glycosides and some polyphenols [84,85]. Having said that, only those that possess
relevant characteristics, e.g., safety, good taste, high stability, good solubility and reasonable cost,
are found on the market as widely used sweeteners [11,90]. The present review focuses on the natural
sweeteners that comply with these principles.

3.1. Sugars

The relative sweetness potency of carbohydrates is consistently lower than that of sucrose
(a reference compound), except for fructose, which is the sweetest natural sugar (relative sweetness
= 1.43) which is abundance in fruit, agave nectar, honey and some vegetables [85]. Fructose and
glucose and are the two most widely adopted monosaccharides as natural sweeteners by the food
industry [85]. Fructose replaces sucrose in a range of food products thanks to its lower glycaemic
index, sweetening strength and low cost, and its ability to improve overall end product quality
characteristics; flavour, colour texture, and shelf-life stability [84]. High fructose syrups are widely
employed, mostly those produced with corn starch by an elaborate technological process, and given their
interesting texturising ability, flavour profile [85]. When ingested as large amounts, malabsorption and
consequent gastrointestinal disturbances may occur, and excessive intake may lead to metabolic
changes; e.g., insulin resistance, high plasma triglycerides, etc. [84,91].

In this context it is worth highlighting two new compounds: trehalose and tagatose. They have
been relatively recently approved as novel food ingredients or novel foods and appear on the market
as sucrose alternatives [86]. The trehalose disaccharide comprises two glucose units linked by an
α-1,1-glucosidic bond and occurs naturally in plants, fungi, insects, algae bacteria and yeasts [86].
The commercial product is acquired from starch by following an enzymatic process [92] and it has a
relative sweetness power of 0.43 [85]. Trehalose is well appeciated because it induces a low glycaemic
response and helps to maintain dehydrated and frozen food products fresh via the stabilisation of
colour, texture and flavour [86]. It reduces starch retrodegradation and does not participate in Maillard
reactions. It is an ingredient frequently found in sports drinks and health bars [93]. Tagatose is a
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fructose isomer found naturally-occurring in certain fruit and dairy products [90]. It is considered
a prebiotic and a flavour enhancer [11]. In industrial terms, it is produced from lactose following a
multistep enzymatic process, plus fractionation and purification [14]. Its sweetness potency comes
close to that of sucrose, 0.92, with the advantage of being differently metabolised by contributing to
fewer calories, evoking a weaker glycaemic response [86,87,90] and does not favour dental caries. As it
is only partly digested, tagatose can bring about diarrhoea, abdominal discomfort and flatulence when
ingested as high doses [86]. Tagatose is used to prepare energy bars, breakfast cereals, chocolate gums,
caramel, ice cream, soft drinks and yogurt [11,90].

3.2. Sugar Alcohols

Sugar alcohols, or polyols, are low-digestible carbohydrates that occur naturally in fruit, vegetables,
mushrooms and algae [94], and have been employed as an alternative type of sweetener in recent years.
The sugar alcohols allowed by the food industry to be used as nutritive or bulk sweeteners include
maltitol, mannitol, sorbitol, xylitol, erythritol, isomalt and lactitol. Some other relevant compounds
that enter this category are arabitol and hydrogenated starch hydrolysates, despite not being permitted
in the EU [87]. They are obtained generally by catalytic hydrogenation from the corresponding aldose
sugars [84]. For certain sugar alcohols, like erythritol, methods based on fermentation or enzymatic
conversion with osmophilic yeasts or fungi have been followed [11]. By the way, mannitol, sorbitol and
maltitol are easily extracted from brown algae (i.e., Laminaria species) [95]. Sugar alcohols are frequently
employed for food product reformulation purposes where, other than sweetness, texture and the bulk
of sugar play a key role in sugar-free cookies, cakes, sweets, chocolate and gums [86,96]. They are
applied to pharmaceutical products like throat lozenges [86]. Polyols offer two major advantages over
sugar as food ingredients: (1) do not favour tooth decay because they are not fermentable by oral
bacteria; (2) lower calorie content and glycaemic index, which are most interesting for diabetics [86].
Sugar alcohols also present prebiotic properties and, like fibres, contribute to healthy intestinal
microbiota [97]. Sugar alcohols are universally considered safe and have no established acceptable
daily intake (ADI), but should be used in line with good manufacturing practices (GMP) [84,94].

Sugar alcohols are frequently used together with intense sweeteners to mask off-flavours of
the latter, while conferring the bulkiness that low-calorie sweeteners cannot [84,98]. Unlike sugars,
they are not subject to Maillard reactions and leave a cooling effect in the mouth, which could be
desirable for certain products, but particularly in many others (e.g., baked goods) [94]. Overall, of all
the allowed sugar alcohols, the properties of xylitol, erythritol and maltitol come the closest to those of
sucrose, with a relative sweetness of 0.63, 0.87 and 0.97, respectively. This is why they are the most
widely used [85,99]. Unlike sucrose and glucose, sugar alcohols are not totally digested, which is
why excess ingestion can lead to gastrointestinal symptoms even in healthy people, like laxative
side effects, so consumers with inflammatory bowel disease should be very careful with them [97].
Notwithstanding, frequent intake seems to result in better tolerance [99]. Besides the above-cited
side effect, they display no other health-related problems in association with high-potency artificial
sweeteners [10]. As with all sweeteners, the safety of sugar alcohols is currently being reassessed by
EFSA and new data are expected to become available at the end of 2020 [100].

3.3. Terpenoid Glycosides

Steviol glycosides are a group of sweet compounds which are extracted from the leaves of a plant
native to South America called Stevia rebaudiana Bertoni (Asteraceae), which is currently grown in some
countries in Europe and Asia. Typically, the above-mentioned glycosides represent up to 15% of the
dry matter in plant leaves. Ten main ent-kaurane diterpenoid glycosides exist, and they all have the
same steviol core structure. Stevioside, followed by rebaudioside A, are the two most abundant and
commercially relevant ones [90]. They leave a very sweet taste in the mouth that is hundreds of times
superior to sucrose, which makes them very interesting sweeteners [85]. Rebaudioside A, whose relative
sweetness is 250–450, is the most appealing steviol glycoside, and offers a taste like sucrose with no
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off-tastes, while stevioside has a slight bitter side effect [85,101]. Seeing as the leaves of the plant
cannot be utilised directly in the USA and EU, steviol glycosides are extracted with water before being
redissolved and recrystallixed from a hydro-alcoholic solution [87]. Steviol glycosides are hydrolysed
to steviol by colonic microbiota. Most steviol is absorbed by the intestine before reaching the liver,
where it goes through a process of conjugation with glucuronic acid to produce steviol glucoronides,
which are finally excreted mostly in urine [102]. Consuming steviol glycosides is safe provided it lies
within the 4 mg/kg of body weight/day limit [103]. Both their calorie contribution is non-significant,
so they are suitable for diabetic patients. They have also been attributed anti-inflammatory and
immunomodulatory diuretic and anti-hypertensive properties [104]. As for their physico-chemical
characteristics, they remain moderately stable at high temperature and may be used within a pH
range from 2 to 10 [87]. Steviol glycosides have been widely used to produce confectionery, chocolates,
baked goods, yoghurts, ice cream, gums, sauces, jam dairy products and drinks [11,105].

Another interesting sweetening compound is glycyrrhizin, or glycyrrhizic acid, which is isolated
from Glycyrrhiza glabra L. roots (Fabaceae), which is a liquorice plant [90]. This molecule offers a relative
sweetness of 90 [85]. Its use as a sweetener is permitted in Japan and other countries, but not in the
USA and EU [85], where glycyrrhizin is approved only as a surfactant and flavouring agent, and also in
the form of ammoniated glycyrrhizin, which is considered Generally Recognised as Safe (GRAS) [106].
Glycyrrhizin intake should never exceed 100 mg/day, considering all its sources in the diet, given the risk
of toxic effects: hypertension and hypokalaemia-induced secondary disorders [107,108]. Some authors
indicate that glycyrrhizin could have beneficial effects on intestinal microbiota [97]. The applications
of glycyrrhizin as foaming agent and flavour enhancer include baked goods, ice cream, confectionery,
gums and beverages [99].

3.4. Proteins

Sweet-tasting proteins are naturally-occurring in some exotic plants, and their sweetness is
hundreds to thousands of times superior to sucrose [85]. Thaumatin comprises a mixture of six closely
interrelated proteins, thaumatin I, II, III, a, b and c, extracted from Thaumatococcus daniellii Benth fruit
(Marantaceae), which is native to western Africa. Thaumatin I and II are the main forms, despite all
isoforms being sweet-tasting [90]. No unanimous value for its sweetening potency exists, but it is
estimated to be about 1600–3000-fold higher than sucrose [11,85]. Extraction is performed by water
and mechanical methods [87]. Current thaumatin production does not meet demand, and alternative
methods to produce it through microorganisms and transgenic plants are growing [109]. Thaumatin is
permitted in both the EU and the USA, where it is GRAS [97]. Owing to lack of toxicity, its ADI is
still to be established [110]. There is, however, a risk of allergic reactions [111]. The metabolism of
thaumatin is similar to that of any other protein in human diet. Its energy input is 4 kcal/g, which is
negligible as minor amounts are used in practice [101]. The main problems with its use are late onset
of action and a slight liquorice off-taste, which may interfere with consumer acceptance. Hence its
use in large amounts is not recommended. Nevertheless, it works extremely well when employed
in conjunction with other sweeteners to diminish bitterness and confer foods an umami flavour [90].
As regards physico-chemical properties, it is highly soluble in water, and well resists high temperature
and acidic pH [87]. Thaumatin is frequently employed in processed vegetables, sauces, soups, poultry,
products deriving from egg, gums and fruit juice [87].

Several other sweet proteins are known, with the most promising ones being brazzein, mabinlin,
monelin, miraculin, pentadine, curculin (neoculin) and lysozyme, but more studies are necessary to
ensure their safety and applicability [90].

4. Production of Safe Enviro-Friendly Natural Sweeteners

Natural sweetener production must remain safe with no adverse environmental consequences.
It is presently necessary to guarantee that our food system does not pose health problems to consumers
and our planet, as reflected in the recent ‘EU green deal’ [112]. This section summarises the production
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of the following sweeteners, which are highlighted in preceding sections given their relevance for
industrial food processing.

4.1. Erythritol

Industrial erythritol production has gained prominence with the rapid development of the
electrochemical process. During this process, erythrose and erythritol are produced by the electrolytic
decarboxylation of arabinoic or ribonic acid. The substrates for the reaction are obtained by the
decarboxylation of C-6 sugars [113]. However, a more natural method involves the biotechnological
process, which results in higher yields from fermenting a sugar source. Erythritol derives from
fermentation processes, conducted mostly by fungi or synthesized by lactic acid bacteria. In order to
produce erythritol, the common pathways among east-like fungi genera include: Trigonopsis, Candida,
Pichia, Moniliella, Yarrowia, Pseudozyma, Trichosporonoides, Aureobasidium, Trichoderma [114]. For industrial
production purposes, Yarrowia lipolytica, Moniliella pollinis and Trichosporonoides megachiliensis are
reported as effective [113]. One main part of the production process involves separation and purification
steps because they are crucial when erythritol is taken as a food additive. A patent describes that to
recover erythritol from the culture medium, separation from fermenting microorganisms is required,
followed by ion exchange chromatography and crystallization. Moreover, a chromatographic separation
step was subject to activated-carbon treatment in order to recover the erythritol fraction [115].

4.2. Tagatose

As a natural sweetener, biotechnological tagatose production by enzymatic isomerisation is
a preferred alternative to chemical processes. For biological D-tagatose manufacturing, several
biocatalyst sources can be resorted to; e.g., L-arabinose isomerase (l-AI) EC 5.3.1.4, which can catalyse
the conversion of D-galactose into D-tagatose, and also for converting L-arabinose into L-ribulose,
due to the similar configurations of substrates [116,117] yet biological D-tagatose production is limited
given the less bioconversion efficiency of l-AI, a metal ion requirement, and the poor thermostability
and low affinity of the enzyme for D-galactose. It has, thus, been suggested that applying protein
engineering and genomic tools may enhance the bioconversion efficiency for D-tagatose production by
amending the functional properties of l-AI [118]. Applying high-throughput screening or a selection
method helps to evaluate individual protein variants and, hence, increase the possibility of screening
specific mutants with greater catalytic activity. During D-tagatose production, the safety problem
caused by enzyme or cells of not GRAS hosts can be overcome by transferring the gene of L-arabinose
isomerase to GRAS hosts like C. Glutamicum, Corynebacterium ammonagenes and Bacillus megaterium [119].
Ultimately, more research needs to be conducted to explore new sources of biocatalysts from GRAS
microorganisms, apart from enzyme secretion and expression in a food-grade microbial host.

4.3. Steviol Glycosides

The raw materials employed in the manufacturing process of Steviol glycosides preparations are
crushed leaves from the perennial shrub Stevia rebaudiana (Bertoni) Bertoni of the family Asteraceae
(Compositae). The literature indicates several alcohols and ion exchange resins used during the
manufacturing process [120]. Extracting glycosides from stevia leaves involves thermal extraction and
maceration. Both the quality and yield of the extracted products can increase by following techniques
like supercritical fluids, ultrasonic waves and microwaving [121]. Besides, a multistage membrane
process, which has been developed to concentrate glycoside sweeteners, is also highlighted in the
report, with bitter-tasting components from the sweetener concentrate being washed out during the
nanofiltration process.

The conventional extraction processes described in the literature often follow a similar methodology,
whereby stevia leaves are extracted with hot water or alcohols. In certain cases, leaves are pre-treated
with non-polar solvents (e.g., hexane or chloroform hexane) to eliminate lipids, essential oils,
chlorophyll and other non-polar substances. With this pre-treatment, extracts are clarified by
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precipitation with either salt or alkaline solutions, and then finally concentrated and redissolved in
methanol for the crystallisation of glycosides [122]. Other extraction procedure steps involved are
described in [123], where stevia leaves were soaked in warm water to dissolve glycosides before
the precipitation and filtration of the resultant solution, followed by concentration by evaporation,
ion exchange purification, spray drying and crystallisation to produce a white powder and crystals.
Rao et al. [124] applied ultra- and nano-filtration membranes to develop a simple eco-friendly and
low-cost process to isolate steviol glycosides, which resulted in the final product’s improved taste profile.

4.4. Glycyrrhizin

The methods followed to prepare glycyrrhizic acid (GA) from liquorice roots have been investigated
by several researchers. The literature reports a number of procedures as regards solvent extraction
by various organic solvents, purification by ion exchange and polymeric resins, chromatographic
separation, adsorption, foam separation, supercritical fluid extraction, microwave-assisted extraction
(MAE) and multistage counter-current extraction (MCE) to extract GA [125]. Most existing processes to
extract and purify the sweet ingredients from liquorice roots involve several steps and large quantities of
solvents and chemicals. Extracting GA from roots includes extraction with hot water at ambient pressure
in the presence of a number of additives, such as alkalis, as well as mineral acids, ethyl alcohol like
aqueous ammonia, methanol and ethanol, which are the most well-accepted technologies. The primary
aqueous extract from liquorice roots contains GA and many other water-soluble substances, which are
then subjected to further process more purified products. Pure GA is also prepared from liquorice
roots using alcohol as the extraction solvent in an ultrasonic device, followed by purification [126].
The conventional solvent extraction technique followed to extract GA from liquorice offers several
disadvantages, namely considerable solvent requirements, longer extraction time, lower yields
and higher extraction temperature. All this requires developing an effective economical extraction
method [126]. The purification procedure involves the acidification of the extract by adding acids like
H2SO4 or HCl acids to form the solid product of GA salt (at pH 1–2). Ultrasound assisted extraction
has shown that the extraction rate rises due to cavitation because the developed cavity grows in size
and then abruptly collapses with the release of energy at an enormous rate, which thus increases the
local temperature and pressure [127]. Therefore, greater solvent penetration in cellular materials takes
place, which improves the cell content release in the bulk medium [127].

4.5. Thaumatin

The thaumatin production process can be strongly affected depending on the quality and
availability of source materials [128]. In order to achieve stabler protein production that meets its
demand, a series of studies were conducted, which involved thaumatin production with genetically
engineered microorganisms and transgenic plants (see the studies by [129,130]).

Although using a plant system offers some advantages over microbial systems in terms of its
scalability, safety and economy, they still lack some benefits that can be obtained from microbial
hosts, such as the possibility of controling growth conditions and product consistencies from batch to
batch [128]. Biochemical production methods have been considered because the natural production of
these proteins is normally too expensive. Recombinant DNA technology is applied to produce sweet
proteins in a host organism. The most promising host known is the methylotrophic yeast Pichia pastoris.
This yeast has a tight regulated methanol-induced promoter that well controls recombinant protein
production [128]. Despite thaumatin having been studied by several researchers in the last 30 years,
there is still much to be done to improve its production by biochemical routes. As the literature
evidences, biological products are emerging as a promising applicant in the food industry, hence the
huge potential for future research to centre on using advanced computational techniques to optimise
thaumatin bioproduction.
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Other natural sweeteners with enviro-friendly production methods that are becoming popular
food ingredients for health-conscious consumers are briefly described below:

(1) Raw Honey: one of the oldest natural sweeteners. Honey is sweeter than sugar, and is the only
sweetener obtained from an animal source (insect bees, minilivestock). Honey is a sugar secretion
that is deposited on honeycombs by bees Apis mellifera, Apis indica (Indian Bee), Apis dorsata
(Rock Bee), among other Apis species of the family Apidae [131].

(2) Blackstrap Molasses: the by product from raw sugar refinery or a sugarcane factory; it is the thick
dark, viscous liquid that is left after the final sugar crystallisation stage from which no more sugar
can be crystallised economically by usual methods [132].

(3) Real Maple Syrup: it is made from the sap exuded from stems of the genus Acer, usually in spring.
Sap primarily contains water and sucrose, with varying amounts of amino and organic acids
and phenolic substances, which is concentrated by heating to produce a wide range of flavour
compounds [133].

(4) Coconut Sugar: it is locally produced from the phloem sap of coconut palm tree (Cocos nucifera L.)
blossom. Juice collectors climb palm trees and cut off unopened inflorescences with sickles. The
escaping sap is collected in bamboo or plastic containers for 8–12 h. Lime is sometimes added to
prevent sap from fermenting [132].

(5) Other combinations: they involve production that blends several natural product sweeteners,
such as a low concentration of steviol glycosides (<0.5 percent per dry leaf weight) with a
small amount of raw organic sugar cane. Similarly, a combination of sweetening solutions, e.g.,
Erysweet+, a stevia erythritol blend, and KetoseSweet+, an allulose, stevia and monk fruit blends
are becoming popular beverages [134].

Consumers are eager to purchase products with natural ingredients and clean labels, preferably
with further functional properties, but which do not compromise taste. In order to achieve this trend,
food industries are now willing to reformulate their food products to include alternative natural
sweeteners to sugar.

5. Health Impacts

For natural sweeteners are deemed suitable to be extensively used and marketed, they must
be safe, offer good flavour with a high degree of solubility and a good level of stability, and offer
reasonable cost-effective applications [135]. This paper only investigates the natural sweeteners that
meet all these criteria [11] in relation to their health impacts.

The two major compounds of bulk sweeteners are erythritol and tagatose. Erythritol is allowed in
both the USA and the EU, but there are restrictions on use in drinks with the latter. As a bulk sweetener,
it has approximately 65% of sucrose sweetness, but it does not lead to tooth decay and is neither toxic
nor carcinogenic for the amounts added to food. The main products for which erythritol is employed
are baked goods, frostings, coatings, chocolate, fermented milk, low-calorie beverages, chewing gums,
sweets, among others [129,135]. In 2014, a scientific panel, mandated by EFSA, ruled out its laxative
properties and declared it safe for use without defining its acceptable daily intake (ADI) [136]. Based on
acute toxicity investigations, and following oral administration, erythritol is graded as being essentially
non-toxic. Subchronic research further enhances erythritol’s safety. Chronic research (up to 2 years)
has demonstrated that erythritol has no effect on either survival or carcinogenicity [137,138]. At high
doses (up to 16 g/kg body weight), erythritol affects neither the reproductive capacity nor fertility of
parental rats. No adverse effects have been observed on developing foetuses [137–140]. Erythritol has
no mutagenic potential, as observed in the Ames and chromosomal aberration tests [137,138,141,142].
Animal toxicity tests and human clinical trials have reliably shown that erythritol is safe. Erythritol has
never been predicted to have adverse effects when applied for its intended use in food [137,138].

Erythritol has been found to reduce the risk of caries in several trials [143–147]. As erythritol
does not affect insulin levels or glucose, it is an appropriate sugar substitute in diabetes patients,
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and also for individuals who wish or need to regulate their blood sugar levels because of prediabetes
or compromised carbohydrate metabolism [148,149]. Diabetes patients can benefit from the vascular
effects of erythritol, as mentioned above. It is assumed that endothelium is not compromised by
erythritol in non-diabetic subjects, but in diabetic subjects where endothelium is under diabetic stress,
erythritol can transfer a range of damage and dysfunction parameters to a safer side, as in vitro, ex vivo
and in vivo studies report [148,150,151]. Erythritol can also be regarded as a substance with a beneficial
impact on the endothelium under high-glucose conditions by contributing to avoid or delay the onset
of diabetic complications [152]. The erythritol attribute has minor effects on several targets and can
also prove beneficial. A compound with a strong biological effect is not as appropriate for chronic
supplementation as required in diabetes. The option would be to use a substance like erythritol with
moderate protective effects. Erythritol is not only valuable, but should be considered a recommended
sugar replacement for the rapidly increasing numbers of people with diabetes or prediabetes to reduce
their chances of developing diabetic complications [152,153].

Tagatose comes in very small amounts in fruit and heat-treated dairy products. Its potency vs.
sucrose is 92 %, which means that it comes close in taste, but only adds 1.5 kcal/g, which makes it safe
for diabetics to use without harming teeth. Tagatose is approved in the US as a GRAS compound,
is permitted in the EU as a food ingredient and in many other countries with practically no toxicity
associated with its use. Tagatose uses in the food industry include yoghurts, frostings, cereals,
beverages, chewing gum, fudge, caramel, fondant, chocolate and ice cream [129,135,154].

Tagatose’s safety and toxicity dimensions have been explored in animal and human subjects [118].
As tagatose intake increases above 10%, adverse reactions (increased liver weight and hypertrophy)
have been reported in rats [155]. Consequently, the 5% tagatose level is a known safe dose that has
no side effects. at reproductive performance is not impaired, even when tagatose intake is as high as
20 g/kg body weight/day [156]. Human clinical experiments to study D-tagatose use have been based
mainly on its gastrointestinal and urecaemic consequences. High plasma uric acid levels are associated
with purine metabolism disorder and gout development. A significant rise in the plasma uric acid
concentration occurs in both the healthy and non-insulin-dependent diabetes mellitus populations
after a single oral 75 g dose of D-tagatose [157]. A lower D-tagatose dose (45 g/day; 15 g, 3 times/day
[TID]) is considered safe for healthy human subjects because it has no adverse effects on glycogen
levels, plasma uric acid, and liver function [158]. An intake of 45 g D-tagatose/day (15 g TID) for 1 year
does not induce any adverse effects on plasma uric acid levels in patients with non-insulin-dependent
diabetes mellitus [159]. The above D-tagatose dose also tends to reduce postprandial plasma glucose
levels. However, very few records suggest any gastrointestinal problems (nauseas, mild to severe
flatulence and diarrhoea) following the intake of 30 g of D-tagatose as a single dose [160]. Given the
above considerations, the “No Observed Adverse Effect Level” (NOAEL) for tagatose is set at 45 g/day
or 0.75 g/kg body weight/day [161].

Regarding high-potency sweeteners, steviol glycosides (E 960) [162] are a good example of natural
compounds disseminated widely worldwide. Steviosides have been used in large quantities in Japan
for more than 20 years and have no documented side effects. Stevia safety is also responsible mostly for
the low-absorption steviol glycosides in both humans and rats in stomach and upper intestine [121].

The use and safety of steviol glycosides has been reviewed and evaluated worldwide by a range of
scientific bodies and regulatory organisation. High-purity extracts of stevia leaves have been approved
for use in food and beverages by over 150 countries and regions [163]. During its 69th meeting,
the Joint FAO/WHO Expert Committee on Food Additives (JECFA) set an ADI of 4 mg/kg bw/day for
steviol glycosides in 2008, expressed as steviol equivalents. JECFA reaffirmed this ADI during its 82nd
meeting in 2016 [164]. The Food Standards Australia New Zealand [165] and EFSA [166] have defined
an ADI of 4 mg/kg bw/day for steviol glycosides (expressed as steviol equivalents). Stevia mutagenicity
has been studied in many trials, although they gave contradictory results. For example, two studies
concluded that, in certain assays, stevia demonstrated a dose-dependent mutagenic effect, but the same
studies also concluded that stevioside is non-mutagenic [167,168]. Several other findings indicate that
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the plant lacks mutagenic effects [169,170]. Despite reports not being harmonious, the FDA continues
to monitor this herb as a sugar replacement, while other findings reveal that steviol and stevioside
do not interfere with DNA and have no genotoxicity [171]. Mizushina et al. [172] suggested that
stevioside is not involved in bladder carcinogenesis. Up to 2500 mg/kg body weight/day has been
safely used in rats and enabled their normal growth and reproduction [173]. After 14 consecutive days
of administering steviosides as part of acute toxicity trials, no histopathologicity, no lethality and no
morphological modifications were recorded in rodents [174]. In another study, the oral administration
of an aqueous extract taken from stevia leaves (up to 10%) revealed no adverse effects on female rat
fertility and no teratogenic effects [175]. It has also been shown that both stevia and stevioside are
safe when used as sweeteners. This is appropriate for diabetic and phenylketonuric patients, and also
for obese individuals who wish to lose weight and to remove sucrose from their diet. After intake,
no allergic reactions or toxicity were reported [176]. In the long term, randomised, double-blind,
placebo-controlled trials indicate using steviol glycosides as a sweetener with no toxic effects for
humans [177]. Stevia’s safety has also been confirmed by recent studies, which demonstrated that steviol
glycosides are not mutagenic, carcinogenic or teratogenic, they and do not cause toxicity [178,179].
Recently, following oral administration, a toxicological stevia leaf ethanolic extract evaluation revealed
no harmful effects on subchronic oral toxicity and genotoxicity. The authors proposed that stevia
leaves have the potential to be considered functional food and a nutritional supplement, rather than
sweetener [180].

Another high-potency sweetener is glycyrrhizin (E 958) [181]. This compound, which is also
known as glycyrrhizic acid, can act as a sweetener with a potency 50-fold sweeter than sucrose, but is
also employed as a foaming agent and a flavour enhancer. This substance is legally used in both the
US and EU as mono-ammonium glycyrrhizinate and ammoniated glycyrrhizin. Glycyrrhizin has
antiviral, anticancer antioxidant, anti-inflammatory and hepatoprotective effects [97], but also has
potential hypertensive effects and an intense aftertaste [182]. In the gut, glycyrrhizin is de-glycosylated
to glycyrrhetic acid (a major product) by Eubacterium spp. Bacteroides J-37 and to 18β glycyrrhetic acid
3-O-monoglucuronide (the minor product) by Bacteroides J-37 and Streptococcus LJ-22. Eubacterium spp.
can be used to convert 18β-glycyrrhetic acid 3-O-monoglucuronide into glycyrrhetic acid [182–184].
These glycyrrhizin metabolites (particularly 18β-glycyrrhetinic acid) are significant anti-tumour
cytotoxic agents with potent inhibitory effects on anti-platelet aggregation activity and rotavirus
infection [185]. Some results indicate that the glycyrrhizin/intestinal microbiota interaction has
beneficial effects on hosts [183,184,186].

Thaumatin (E 957), a mixture of five proteins (thaumatin I, I, III, a, b), is also employed as a
sweetener in many countries. If we consider its health effects, thaumatin does not induce tooth decay
and is suitable for diabetics, as opposed to artificial sweeteners [187]. The metabolism of this sweetener
is the equivalent to other dietary proteins. The research work by Hsu et al. [188] demonstrates that
thaumatin is digested more quickly than egg albumin. Moreover, several studies addressing thaumatin
safety aspects indicate that this sweetener induces neither toxicity nor allergenicity [128]. Some studies
have evaluated thaumatin toxicity; e.g., the Joint FAO/WHO Expert Committee on Food Additives,
Food and Agriculture Organization of the United Nations and World Health Organization [189] study
reveals that protein is void of toxic, genotoxic or teratogenic effects. Several studies offer compelling
evidence that thaumatin is not an allergen to either oral mucosa or other treatment-associated allergic
effects [128]. Higginbotham et al. [190] also state that thaumatin has no harmful impact when employed
as a flavour additive or a partial sweetener at a particular intake level. This protein’s safety has
been evaluated by the Scientific Committee for Food of the European Commission (SCF) and JECFA,
which concluded that it should be listed as an acceptable ingredient [110]. This sweet protein has
been approved in the European Union since 1984 (E957) according to Annex II of Regulation (EC)
No. 1333/2008 [110] and maintains its GRAS status in the USA. It was licensed for use in pharmaceuticals
and food in the UK in 1983, except for baby food. It is an approved high-intensity sweetener and
flavour enhancer in most other countries [191]. The Panel on Additives and Products or Substances
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used in Animal Feed (FEEDAP) [192] also indicates the safety of this protein in animals and its use
is permitted as an additive from 1 to 5 mg/kg. Thaumatin is also employed as a sweetener in some
foodstuffs like ice cream and sweets at the permitted 50 mg/kg dose. In dairy products and soft drinks,
it is primarily utilised as a flavour enhancer within the range from 0.5 mg/L and 5 mg/kg [89].

There are a few other natural sweeteners that can be used in the future, but are not actually found
in foodstuffs. Some examples of these substances are brazzein and monatin, which is attributable to
their rarity and low yield when isolated from plant matrices.

Table 1 lists the main attributes of natural sweeteners for their use by taking into account
health impacts.

Table 1. The main attributes of natural sweeteners for their use by taking into account health impacts.

Natural Sweetener Attribute(s) and Reference(s)

Erythritol
Non-carcinogenic [137,138]; Non-mutagenic [137,138,141,142];

does not affect glucose or insulin levels [148,149];
beneficially impacts the endothelium [152]

Tagatose Lowers postprandial plasma glucose levels [160]

Steviol glycosides Non-genotoxic [171]; non-carcinogenic [172,178,179];
non-allergic [176]; non-teratogenic and non-mutagenic [178,179]

Glycyrrhizin Anticancer, antiviral, antioxidant, anti-inflammatory,
and hepatoprotective [97,185]

Thaumatin Does not induce tooth decay [187]; not toxic and non-allergic [128]

6. Conclusions

Society is becoming increasingly aware of the utmost importance of eating a balanced diet to
maintain and promote health. Excess sugar consumption is now a cross-cutting concern, but this
habit is not an easy one to break, so sugar-free or low-sugar foods and drinks are in great demand
and the sweetening agents that make them feasible are high-value ingredients. Today the food
industry applies bulk and intense sweeteners, which are mainly synthetic in origin, to substitute
sugar (sucrose). Consumers are all the more eager to eat products with natural ingredients and clean
labels, preferably with other functional properties, and that do not compromise taste. To achieve this
trend, the food industry now has alternative natural sweeteners at its disposal, like high-fructose
corn syrup, sugar alcohols (polyols) and, quite recently, steviol glycosides tagatose and thaumatin,
which offer consumers the advantage of additional health benefits. Nature is an incredible source of
valuable compounds, including those with a sweet taste, of which many have not yet been explored.
Nevertheless, it must be emphasised that being natural does not ensure their success on the market.
It should also be noted that a long traditional use in some restricted societies and areas around the globe,
and this despite providing some reassurance, cannot rule out the need to conduct detailed scientific
studies to prove the safety of the natural compounds to be used as food additives and, for example,
as sweeteners. The food industry needs to face the challenge of developing new products with natural
functional sweeteners to continue innovating and satisfying consumers. Finally, although compounds
like glycyrrhizin, an approved flavour enhancer, are not used as a sweetener, can play a relevant role in
improving product characteristics, such as flavour, and need to be considered by industry.
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Abstract: Biofilms, present as microorganisms and surviving on surfaces, can increase food cross-
contamination, leading to changes in the food industry’s cleaning and disinfection dynamics. Biofilm
is an association of microorganisms that is irreversibly linked with a surface, contained in an ex-
tracellular polymeric substance matrix, which poses a formidable challenge for food industries. To
avoid biofilms from forming, and to eliminate them from reversible attachment and irreversible
stages, where attached microorganisms improve surface adhesion, a strong disinfectant is required
to eliminate bacterial attachments. This review paper tackles biofilm problems from all perspec-
tives, including biofilm-forming pathogens in the food industry, disinfectant resistance of biofilm,
and identification methods. As biofilms are largely responsible for food spoilage and outbreaks,
they are also considered responsible for damage to food processing equipment. Hence the need to
gain good knowledge about all of the factors favouring their development or growth, such as the
attachment surface, food matrix components, environmental conditions, the bacterial cells involved,
and electrostatic charging of surfaces. Overall, this review study shows the real threat of biofilms
in the food industry due to the resistance of disinfectants and the mechanisms developed for their
survival, including the intercellular signalling system, the cyclic nucleotide second messenger, and
biofilm-associated proteins.

Keywords: biofilms; food industry; food microbiology; food safety

1. Introduction

Typically, bacteria bind to surfaces and form spatially structured communities inside
a self-produced matrix, which consist of extracellular polymeric substances (EPS) known
as biofilms [1,2]. Biofilms imply major challenges for the food industry because they allow
bacteria to bind to a range of surfaces, including rubber, polypropylene, plastic, glass,
stainless steel, and even food products, within just a few minutes, which is followed by
mature biofilms developing within a few days (or even hours) [3].

Since ancient times, this sessile life form has been followed as an excellent survival
technique for microorganisms, given the protective barrier generated and physiological
changes made by the biofilm matrix, while it fights against the adverse environmental
circumstances faced typically by bacteria in man-made and natural settings, even in food-
processing facilities [4,5]. Hence, biofilms are believed responsible for damaged equipment,
more expensive energy costs, outbreaks, and food spoilage [5–8]. Biofilms have become
more robust to disinfections in many wide-ranging food industries, such as processing
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seafood, brewing, dairy processing, and meat and poultry processing [9] There is com-
pelling evidence for biofilm lifestyle making them more resilient to antimicrobial agents,
particularly compared to planktonic cells (Figures 1 and 2). This entails having to remove
them from surfaces of food processing plants, which poses a massive task [10–12].
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Microbiological surface management is relevant for assessing and making decisions
as to whether residual microbial species are found at a suitable level, and if harmful
microorganisms are removed. The obtained results will allow criteria to be set, such as
how to clean surfaces and food product quality [13,14].

Sensory tests that involve visually inspecting surfaces with good lighting, smelling
unpleasant odours, and feeling encrusted or greasy surfaces are run as a process regulation
to instantly overcome visible sanitation defects, while microbiological evaluations are often
made to guarantee consistency with microbial standards and to make improvements to
sanitation procedures [15]. The fact that visual inspection cannot coincide with bacterial
counts has been well-documented [16]. The hygienic conditions of food-contact surfaces
must be properly examined for all of the above-cited purposes. Lack of convergence
between the various approaches followed to detect and quantify biofilms does, however,
make it more difficult for the food industry to locate the most effective ones [17]. The
Hazard Analysis and Critical Control Points (HACCP) system and good manufacturing
practices have been developed to regulate food safety and quality. Bacterial biofilms are not
directly mentioned in the HACCP system employed on food processing facilities. Hence,
an updated HACCP system that contemplates evaluating biofilms in food environments,
and establishes an apt sanitation plan, is expected to provide much clearer contamination
information, and to facilitate production in the food industry’s biofilm-free processing
systems [18]. The importance and impact of biofilms on the food industry have become clear
in several works where the cross-contamination is common among these food products,
with a wide range of pathogens, including Listeria monocytogenes, Yersinia enterocolitica,
Campylobacter jejuni, Salmonella spp., Staphylococcus spp., Bacillus cereus, and Echerichia coli
O157:H7 [19].
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The main objectives of this review were to identify the most important biofilm exam-
ples in the food industry and to present methods to visualise in situ biofilm production,
how to avoid this production, and methods to remove biofilms. This study focused on the
microbial biofilms that affect the food industry and provides an overview of their impor-
tance in cross-contamination when food comes into contact with surfaces. Although going
into detail in each discipline, specific to microbiology for biofilm isolation and identification,
is not the object of this work, it contributes new knowledge about techniques to control
and eradicate biofilms in the food industry from food safety and quality perspectives.

2. Biofilm Development in Food Processing Environments

Modern food processing lines are a suitable environment for biofilms to form on
food contact surfaces, primarily due to manufacturing plants’ complexity, long production
periods, mass product generation, and large biofilm growth areas [21]. Many food-borne
bacteria may, therefore, bind to the contact surfaces present in these areas, which could
contribute to increase the risk of bacterial food-borne diseases. By way of example, 80%
of bacterial infections in the USA are believed to be related specifically to food-borne
pathogens in biofilms [9].

Mixed-species biofilm production is extremely dynamic and depends on the attach-
ment surface’s characteristics [22], food matrix components [23], environmental condi-
tions [24], and involved bacterial cells [8,25].

Attachment surface properties, such as hydrophobicity, electrostatic charging, interface
roughness, and topography impact biofilm formation and, thus, affect the overall hygiene
status of the surface [22,26]. Nevertheless, the precise consequence of some parameters
vastly varies under specific laboratory conditions. Some experiments have revealed that
bacterial attachment is more likely to happen on rougher surfaces [22,27], while others
have found no association between roughness and bacterial attachment [28]. Hydrophobic
surfaces tend to attract more bacteria, but studies that have tested the hydrophobicity effect
present opposing results [29,30], and other experiments indicate that hydrophilic surfaces
enable more bacterial adherence than hydrophobic equivalents [27,28]. The fact that clear
results are lacking might lie in the various methods and bacterial strains employed, and
in overall attachment likely being established for several reasons. The most popular food
contact material in the food industry is stainless steel type 304 because it is chemically
inert, easy to clean, and extremely corrosion-resistant at a range of processing temperatures.
Given its continuous usage, this material’s topography typically displays crevices and
cracks that protect bacteria from sanitising treatments and mechanical cleaning methods.
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The food matrix components in food processing environments also influence bacterial
attachment [31]; e.g., food waste, such as milk and meat exudates enriched in fats, pro-
teins, and carbohydrates, facilitate microorganism growth and multiplication, and favour
dual-species biofilm development by E. Coli and Staphylococcus aureus [32]. Milk lactose
improves biofilm production by both Bacillus subtilis, by activating the LuxS-mediated
quorum-sensing system [33], and S. aureus through intercellular polysaccharide adhesion
development [34]. Improved biofilm production by Geobacillus spp. in milk results in high
concentrations of free Ca2+ and Mg2+ [35].

Microbial cell properties, especially hydrophobicity, cellular membrane components
(e.g., protein and lipopolysaccharide), appendages (e.g., pili, flagella, fimbriae) and bacteria-
secreted EPS, also play a key role in stimulating biofilm production [22]. Fluctuations in
biofilm-forming capability among species or strains of different genotypes and serotypes
have been identified, which reveals the evolution of enhanced biofilm formation from
various genetic backgrounds [8,36]. Similar species can also impact one another in a mixed
microbial community, which culminates in the co-colonisation of certain species.

3. Examples of the Most Relevant Biofilms in the Food Industry

In the food industry, biofilm-forming species appear in factory environments and
can be pathogenic to humans because they develop biofilm structures. The processing
environments of the food industry, e.g., wood, glass, stainless steel, polyethylene, rubber,
polypropylene, etc., act as artificial substrates for these pathogens [37,38]. The character-
istics of the bacterial growth form on food in a processing environment involve different
behaviours when considering cleaning and disinfection processes. Controlling biofilm
formations in the food industry can prove difficult when having to decide the right strategy.

Examples of these relevant biofilm-forming pathogens for the food industry are briefly
described in Table 1.

3.1. Bacillus Cereus

Bacillus cereus is a Gram-positive anaerobic or facultative anaerobic spore-forming bac-
terium that can grow in various environments at wide-ranging temperatures (4 ◦C–50 ◦C).
It is resistant to chemicals, heat treatment, and radiation [39]. B. cereus is a frequently iso-
lated soil inhabitant from food and food products, such as rice, dairy products, vegetables
and meat. It secretes toxins that can cause sickness and diarrhoea symptoms in humans.

B. cereus is responsible for biofilm formation on food contact surfaces, such as stainless
steel pipes, conveyor belts and storage tanks. It can also form floating or immersed biofilms,
which can secrete a vast array of bacteriocins, metabolites, surfactants, as well as enzymes,
such as proteases and lipases, in biofilms, which can affect food sensorial qualities [40].
Motility by bacterial flagella confers access to suitable biofilm formation surfaces, and is
required for biofilms to spread on non-colonised surfaces. However, B. cereus flagella have
not been found to be directly involved in adhesion to glass surfaces, but can play a key role
in biofilm formation via their motility [55].

3.2. Campylobacter Jejuni

Campylobacter spp., mainly C. jejuni, are Gram-negative spiral, rod-shaped, or curved
thermophilic and bipolar flagellated motile bacteria [41]. C. jejuni, also known as an
anaerobic bacterium, can develop biofilms under both microaerophilic (5% O2 and 10%
CO2) and aerobic (20% O2) conditions [56]. Despite it being a fastidious organism, C. jejuni
can survive outside the avian intestinal tract before it reaches a human host. A range of
environmental elements initiates the formation of biofilms, which are then affected by a set
of intrinsic factors [57]. The European Union One Health 2018 Zoonoses Report classifies
C. jejuni as an opportunistic pathogen that is believed to be the causative agent of most
bacterial gastroenteritis cases, and has been regarded as a common commensal of food
animals and poultry, with turkeys and hens in particular [42]. When the preparation and
processing areas of food products or water become contaminated, such as unpasteurised
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milk, C. jejuni reaches the human host by infecting and colonising the gastrointestinal tract
to cause disease [43].

Table 1. Biofilm-forming pathogens in the food industry.

Pathogen Characteristics Contaminated Food Examples of Harmful
Spoilage Effects References

Bacillus cereus

Gram-positive,
spore-forming,

anaerobic, facultative
anaerobic

dairy products, rice,
vegetables, meat

diarrhoea and vomiting
symptoms [39,40]

Campylobacter jejuni Gram-negative, aerobic
and anaerobic

animals, poultry,
unpasteurised milk

bloody diarrhoea, fever,
stomach cramp, nausea

and vomiting
[41–43]

Escherichia coli Gram-negative,
rod-shaped

raw milk, fresh meat, fruits
and vegetables

diarrhoea outbreaks
and haemolytic uremic

syndrome
[44]

Listeria monocytogenes
Gram-positive,

rod-shaped, facultative
anaerobic

dairy products, meat,
ready-to-eat products, fruit, soft

cheeses, ice cream,
unpasteurised milk, candied

apples, frozen
vegetables, poultry

listeriosis in the elderly,
pregnant women and

immune-compromised
patients

[45,46]

Salmonella Enterica
Gram-negative,

rod-shaped, flagellate,
facultative aerobic

Poultry meat, bovine, ovine,
porcine, fish

can cause
gastroenteritis or

septicaemia
[47,48]

Staphylococcus aureus

Gram-positive,
non-spore forming,

non-motile, facultative
anaerobic

meat products, poultry, egg
products, dairy products, salads,

bakery products, especially
cream-filled pastries and cakes,

and sandwich fillings

methicillin resistance,
can cause vomiting and

diarrhoea
[49,50]

Pseudomonas spp.
psychrotrophic, motile,

Gram-negative
rod-shaped

fruits, vegetables, meat surfaces
and low-acid dairy products

produces blue
discolouration on fresh

cheese.
[17]

Geobacillus
stearothermophilus

thermophilic,
Gram-positive,

spore-forming, aerobic
or facultative anaerobic

dried dairy products
production of acids or

enzymes leading to
off-flavours

[51,52]

Anoxybacillus
flavithermus

thermophilic organism,
Gram-positive,
spore-forming,

facultatively anaerobic,
non-pathogenic

dried milk powder an indicator of poor
hygiene [53,54]

Pectinatus spp.
Gram-negative,

non-spore-forming,
anaerobic

beer and brewery environment

rapid cell growth
makes beer turbid and
smells like rotten eggs
due to production of
sulphur compounds

[23]

3.3. Enterohaemorrhagic Escherichia coli (EHEC)

Escherichia coli is a Gram-negative and rod-shaped bacterium. Most E. coli strains form
part of human intestinal microbiota and pose no health problem. However, the virulence
types of E. coli include enterotoxigenic (ETEC), enteroinvasive (EIEC), enteropathogenic
(EPEC), and Vero cytotoxigenic (VTEC). O157:H7 EHEC is the most frequent serotype asso-
ciated with EHEC infections in humans in the USA [58]. Widespread E. coli dissemination
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in natural environments is, to a great extent, due to its ability to grow as a biofilm. It is
worth considering that several E. coli strains may cause disease in humans, and that En-
terohaemorrhagic E. coli (EHEC) strains are the most relevant for the food industry. EHEC
serotype O157:H7 is the human pathogen responsible for bloody diarrhoea outbreaks
and haemolytic uremic syndrome (HUS) worldwide. They can be transmitted by raw
milk, drinking water or fresh meat, fruit, and vegetables; e.g., melons, tomatoes, parsley,
coriander, spinach, lettuce, etc. [44].

E. coli can employ pili, flagella and membrane proteins to initiate attachment to
inanimate surfaces when flagella are lost after attachment and bacteria start producing
an extracellular polymeric substance (EPS) that helps to confer bacteria better resistance
to disinfectants [59]. There are reports indicating that although EHEC can form biofilms
on different food industry surfaces, neither an effective means to prevent EHEC biofilm
formation nor an effective treatment for its infections exists because antibiotic treatment
tends to increase the risk of haemolytic-uremic syndrome and kidney failure [60].

3.4. Listeria Monocytogenes

Listeria monocytogenes is a Gram-positive bacterium and a ubiquitous food-borne
pathogen that can appear in soil, food, and water. Its ingestion can result in abortions
in pregnant women, and other serious complications in the elderly and children. The
pathogen can be transmitted to several food types, such as dairy products, seafood, meat,
fruit, ready-to-eat meals, ice cream, soft cheeses, unpasteurised milk, frozen vegetables,
candied apples, and poultry [45,46], but it is not known to be resistant to pasteurisation
treatments [61]. The pathogen proliferates at low temperature, and is able to form pure
culture biofilms or grow in multispecies biofilms [62]. L. monocytogenes can survive under
acidic conditions for lengthy periods and can form biofilms that grow without oxygen.
Its numbers are likely to rise or lower in biofilms depending on the competing microbes
present [63].

Given the presence of pili, flagella and membrane proteins, prevalent L. monocytogenes
strains possess good adhesion ability in food processing environments [64].

3.5. Salmonella Enterica

Salmonella enterica is a Gram-negative, rod-shaped, flagellate and facultative aerobic
bacterium, and a species of the genus Salmonella [65].

It can cause gastroenteritis or septicaemia (in some serovars) [66]. Salmonella spp.
express proteinaceous extracellular fibres known as curli, which are involved in surface
and cell-cell contacts, and in promoting community behaviour and host colonisation [67].
Besides curli, different fimbrial adhesins have been identified with biofilm formation
implications that are serotype-dependent [40]. S. enterica serovar Enteritidis is the most
frequent serotype to cause fever, vomiting, nausea diarrhoea, and abdominal pain as main
symptoms [47]. Poultry meat is a frequent reservoir for these bacteria in processed food,
whose importance as a food pathogen has been demonstrated by the fact that S. enterica
biofilm formation on food surfaces was the first reported case in 1966 to possess complex
multicellular structures [48].

When contaminating a food pipeline biofilm, S. enterica may cause massive outbreaks,
and even death in infants and the elderly. It can grow on stainless steel surfaces to
form a three-dimensional (3D) structure with several call layers of different morphologies
depending on available nutrients, such as the reticular shaped ones generated when
cultured on tryptic soy broth (TSB) medium [68].

3.6. Staphylococcus Aureus

Staphylococcus aureus is a Gram-positive, non-spore-forming, non-motile, facultative
anaerobic bacterium capable of producing enterotoxins from 10–46 ◦C. S. aureus can multi-
ply on the skin and mucous membranes of food handlers, and can become a major issue
in food factories [49]. These enterotoxins are heat-stable and can be secreted during S.
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aureus growth in foods contaminated by food handlers. The bacterium grows well in high
salt- or sugar-content foods with little water activity. The foods frequently implicated in
Staphylococcal food-borne disease are meat and meat products, poultry and egg products,
milk and dairy products, bakery products, salads, and particularly cream-filled cakes and
pastries and sandwich fillings [50]. S. aureus is known for its numerous enteric toxins. These
enterotoxins bind to class II MHC (major histocompatibility complex) in T-cells, which
results in their activation that can lead to acute toxic shock with sickness and diarrhoea [69].

3.7. Pseudomonas spp.

Pseudomonas is a heterotrophic, motile, Gram-negative rod-shaped bacterium. Pseu-
domonads are generally ubiquitous psychrotrophic spoilage organisms that are often found
in food processing environments, including floors and drains, and also on fruit, vegetables,
and meat surfaces, and in low-acid dairy products [17,62]. The extracellular filamentous
appendages produced by motile microorganisms result in both the attachment process
and the interaction with surfaces in different ways. Flagella and pili have been thoroughly
studied [70].

When biofilms develop and their regulation by quorum sensing is considered, Pseu-
domonas aeruginosa can be taken as a model organism [71], which is about 1–5µm long and
0.5–1.0µm wide. A facultative aerobe grows via aerobic and anaerobic respiration with
nitrate as the terminal electron acceptor [71].

Pseudomonas spp. produce huge amounts of EPS and are known to attach and form
biofilms on stainless steel surfaces. They can co-exist with other pathogens in biofilms
to form multispecies biofilms, which make them more resistant and stable [62]. These
biofilms can be accompanied by a distinct blue discolouration (pyocyanin) on fresh cheese
produced by P. fluorescens [72].

3.8. Geobacillus stearothermophilus

Geobacillus stearothermophilus is a Gram-positive, thermophilic, aerobic, or facultative
anaerobic bacterium [73]. Thermophiles, such as G. Stearothermophilus, formerly known
as Bacillus stearothermophilus, can attach to stainless steel surfaces on processing lines in
evaporators and plate heat exchangers, which allows them to grow and produce biofilms,
which implies the potential release of single cells or aggregates of cells into the final dry
product [74]. B. stearothermophilus are able to form biofilms on clean stainless steel surfaces
and to release bacteria into milk during dairy industry processing [75]. The above-cited
authors observed that the conditions for a biofilm in a laminar flow milk system were more
adequate for the growth of spore-forming bacteria, which are thermophilic. Their growth
as a culture medium in milk is quite difficult [75].

3.9. Anoxybacillus flavithermus

Anoxybacillus flavithermus is another Gram-positive, thermophilic, and spore-forming
organism that is facultatively anaerobic and non-pathogenic [76]. A. flavithermus is a poten-
tial contaminant of dairy products, and poses a problem for the milk powder processing
industry, as high levels will reduce milk powder acceptability for both local and interna-
tional markets [77]. A. flavithermus spores are very heat-resistant and their vegetative cells
can grow at temperatures up to 65 ◦C with a significant increase in bacterial adhesion on
stainless steel surfaces in the presence of skimmed milk. This indicates that milk positively
influences these species’ biofilm formation [78]. In the dairy industry, the commonest
biofilm-forming isolates are thermophilic genera [79]. In many parts of the world, A.
flavithermus and G. stearothermophilus are regarded as the most dominant thermophilic
microbial contaminants of milk powders [78].

3.10. Pectinatus spp.

Pectinatus is Gram-negative, non-spore-forming, and anaerobic bacteria that have been
linked with a high concentration of biofilms in breweries due to sanitation problems [80].
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Spoilage bacteria were first isolated from a brewery in the USA in unpasteurised beer stored
at 30 ◦C [81]. P. cerevisiiphilus have also been isolated from many breweries in Germany,
Spain, Norway, Japan, the Netherlands, Sweden, and France [80].

3.11. Synergistic Pathogens

A combination of several pathogens can synergistically interact to form biofilms in the
food industry. In food-processing environments, bacteria are able to exist as multispecies
biofilms, from where both spoilage and pathogenic bacteria can contaminate food [82].
For instance in the fishing industry, fresh fish products can suffer from biofilm formation
by mixed pathogenic species (Aeromonas hydrophila, L. monocytogenes, S. enterica, or Vibrio
spp.), which can imply significant health and economic issues [83]. Synergistic interactions
have been observed in a fresh-cut produce processing plant, where E. coli interacted with
Burkholderia caryophylli and Ralstonia insidiosa to form mixed biofilms. Acylhomoserine
lactones (AHLs) can control biofilm formation in synergistic interactions among mixed
species. Interference of AHLs is manifested by AHL lactonases and acylases, both of which
are present in Gram-positive and Gram-negative bacteria [60].

Bacteria use quorum sensing to coordinate biofilm production and dispersion, when
bacteria attach to a biotic or abiotic surface, and cell-to-cell attachment engages in com-
munication via a quorum sensing (QS)-based extracellular cell signalling system [84]. The
importance of cell signalling for bacterial biofilm formation has been further confirmed
by the control of exopolysaccharide synthesis by quorum-sensing signals, as in Vibrio
cholera [85].

Synergistic pathogens are found in several works, where biofilm levels of the four-
species consortia have been further examined and compared to the biofilm production
levels of each isolate under monospecies conditions. They have revealed that P. aeruginosa
and A. junii isolated from different samples to contribute as best biofilm producers, includ-
ing poor or non-biofilm-producing isolates, which increases the overall biofilm formation
in the included consortia [86]. Several authors [87] have found positive synergistics in
other studies by investigating mixed species of biofilms, such as Candida albicans.

In food industries, biofilm-related effects (pathogenicity, corrosion of metal surfaces,
and alteration to organoleptic properties due to the secretion of proteases or lipases) are
critically important. For example, in the dairy industry several processes and structures
(pipelines, raw milk tanks, butter centrifuges, pasteurisers, cheese tanks, packing tools) can
act as surface substrates for biofilm formation at different temperatures and involve several
mixed colonising species. Thus, it is essential that accurate methods to visualise biofilms in
situ be set up to avoid contamination and to ensure food safety in the food industry.

4. Biofilm Control and Elimination

It is well-known that biofilm bacteria present a distinct phenotype with a genotype as
regards gene transcription and growth rates under very particular conditions that differ
from planktonic conditions [88]. Biofilms are capable of adhering to a very wide diversity of
surfaces with distinct biotic and abiotic compositions, including human tissue and medical
devices. Once biofilms form, they are a major threat because they cause infectious diseases
and economic loss. In the 1940s, several authors produced further research works into
biofilm evolution and surface relations for marine microorganisms [89] and seawater [90].
Nevertheless, marked progress has been made given the incorporation of the electron
microscope, which allows high-resolution photomicroscopy at much higher magnifications
than light microscopy [85]. Indeed, the most revealing discovery of the relation with biofilm
elimination was a description of its structure, the surrounding matrix material, and the
cells enclosed in these biofilms were polysaccharides, as by special stains revealed [85].
Doubtlessly, disinfectants have proven more efficient in fighting against biofilms since 1973,
while Characklis (1973) [91] showed marked persistence and resistance to disinfectants,
such as chlorine.
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4.1. Biofilm Elimination in the Food Industry

Biofilm formation has been investigated in food industry and hospital environments.
Perhaps, in the research conducted, hospitals, to eliminate biofilms, have been more
successful, thanks to the easier applications and special surface compositions (antibiofilm
activity) in medical surroundings, such as implants, prostheses, tools, and surfaces for
operating theatres.

To date, many efforts have been made to reduce biofilm formation on food industry
surfaces, but those works were based mainly on new disinfectants with different efficacies.
These results have improved in line with specific mechanisms for initial surface attachment,
developing a group structure and ecosystem, and detachments [75] with dissimilar results.

Nowadays, disinfectants are the best ally to eliminate biofilms. However, other
research fields, such as the composition of surfaces for materials to prevent bacterial
adhesion and developing phages to combat biofilm-forming bacteria, have obtained
favourable results. Doubtlessly, most research works have focused on the bacteriolog-
ical biofilm, without discussing the hypothesis of filamentous fungi being responsible
for biofilm formation. Several authors [92,93] support this theory, where the presence of
Aspergillus fumigatus has been presented as biofilm-responsible. In this case, the marked
similitude of bacteriological and filamentous fungi biofilms is based on morphological
changes, the presence of an extracellular polymeric matrix, differential gene expression,
and distinct sensitivity to antifungal drugs compared to diffuse or loosely associated
(planktonic) colonies [94,95].

Before we go on to explain several factors that could influence bacterial adhesion and
biofilm formation, we should bear the food industry’s hygiene design in mind. In order to
prevent microorganisms entering food production, factories, and the employed hygienic
equipment should be designed to limit microorganisms from accessing. Aseptic equipment
must be isolated from microorganisms and foreign particulates. To prevent microorganism
growth, equipment should be designed to prevent any areas where microorganisms can
harbour and grow, along with gaps, crevices, and dead areas. This is also important during
production, when microorganisms can grow very quickly under favourable conditions [96].

According to such premises, food companies have the capacity to apply innovation
to design the industry and its equipment. In both the USA and the European Union (EU),
the trend in regulations in this field is not so much command and control by government
regulators, but lies more in self-determination by the food industry. In particular, hazard
analysis and critical control points (HACCP) systems provide the skills to replace detailed
regulatory requirements with the overall goals to be fulfilled [97]. The Food and Drug
Administration (FDA) and the United States Department of Agriculture (USDA) Food
Safety Inspection Service (FSIS) share primary responsibility for regulating food safety in
the USA. One example is the recommendation for equipment and process controls: “Seams
on food-contact surfaces shall be smoothly bonded or maintained to reduce accumulation
of food particles, dirt, and organic matter and thus minimise the opportunity for growth of
microorganisms” [85].

European Union (EU) statutory instruments include EC regulation no. 852/2004
(Hygiene of Foodstuffs) and EC regulation no. 853/2004 (Specific Rules Food of Animal
Origin), which expect food manufacturers to control food safety risks by HACCP systems.

In short, the performance of a cleaning and disinfection programme (CDP) to avoid
biofilm formation should start by aptly designing the hygiene of equipment, surfaces, and
devices. Today the CDP is a proven effective measure in fighting against biofilms.

4.2. Factors Associated with Bacteria

Several factors associated with surfaces or bacteria can influence adhesion from the
planktonic phase and biofilm evolution, such as:

Surfaces:

• Surface charge: the adhesion sequence can be influenced by the particle surface charge
in combination with the electrode’s surface charge.
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• Hydrophobicity: adsorption of surface-active organics influences the surface’s hy-
drophobic or hydrophilic character, and changes surface tension [98].

• Temperature: temperature and contact time impact the bacterial adhesion and biofilm
formation process, and increasing the formulation of mathematical models is necessary
to assess how both factors and their interactions influence the process [99].

• Presence of substrates: adsorption of electrolyte components and the particle surface
are equally important. Adsorption of surface-active organics impacts the surface’s
hydrophobic or hydrophilic character, and also changes surface tension [98].

Bacterial cellular surface components:
Hydrophobic interactions tend to increase with the enhanced non-polar nature of one

involved surface or more, and most bacteria are negatively charged [85]. This means that
the cell surface’s hydrophobicity is a relevant factor during adhesion.

• Fimbria, pili, and flagella: fimbriae, non-flagellar appendages other than those impli-
cated in the transfer of viral or bacterial nucleic acids (known as pili) are responsible
for cell surface hydrophobicity. Most investigated fimbriae contain a high proportion
of hydrophobic amino acid residues [100]. Fimbriae include adhesins that attach to
some sort of substratum so that bacteria can withstand shear forces and obtain nutri-
ents. Therefore, fimbriae play a role in cell surface hydrophobicity and attachment,
presumably by overcoming the initial electrostatic repulsion barrier between the cell
and the substratum [101].

Studies’ responses surface methods are used to not only develop and optimise models
for food processing systems and operations, but also to better elucidate bacterial adhe-
sion and biofilm formation processes. The response surface method provides valuable
information to help decision making about disinfection and cleaning procedures for the
utensils, equipment and containers employed in the food industry [102]. Hence, surfaces
and materials of equipment, plus floors and walls, also impact biofilms, along with dead
spaces, crevices, porous and rough material surfaces, which must be eliminated to avoid
biofilm formation [12].

The most adopted strategies for controlling biofilms are sanitation procedures that
combine detergents and disinfectants. Alkaline detergent eliminates organic and inorganic
acid detergent waste from surfaces, while disinfectants reduce spoilage microorganisms,
and diminish or eliminate pathogens, to safe levels [12]. Enzymatic detergents have
replaced traditional alkaline and acid detergents, because enzymes (proteases, lipases,
amylases) can remove biofilms in the food industry [102] as enzymes reduce the physical
integrity of PS by weakening the structural bonds of the lipids, proteins, and carbohydrates
that form its structure [103]. Other advantages over detergents include low-toxicity and
biodegradability, but application costs and requirements (temperature, time) are higher
than detergents. This is why several detergent manufacturers have marketed a synergetic
combination of enzymes, chelating agents, surfactants, and solvents.

4.3. Disinfectants and Biofilm Resistance

The most widely used disinfectants in the food industry’s disinfection programmes
are quaternary ammonium compounds (QAC), amphoteric compounds, hypochlorites,
peroxides (peracetic acid and hydrogen peroxide) [15], aldehydes (formaldehyde, glu-
taraldehyde, paraformaldehyde), and phenolics. This product list remains unchanged after
18 years. Today, alkyl amines, chlorine dioxide and quaternary ammonium blends are
incorporated into disinfection programmes. Besides these, alcohols, phenolic compounds,
aldehydes, and chlorhexidine are also resorted to, but mostly in health services. In the food
processing industry, disinfectants can remain on surfaces for longer due to microorganisms’
prolonged exposure to the employed disinfectant, which improves their efficacy [104].

1. Sodium hypochlorite (NaOCI):

It is one of the most widespread disinfectants in the food industry despite its disadvan-
tages and the growing use of new products on the market. Its desirable reaction produces
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both hypochlorous acid (HOCl) and the hypochlorite ion (-OCl), which are strong oxidising
agents that eliminate cells given their ability to cross the cell membrane, and to oxidise
the sulfhydryl groups of certain enzymes participating on the glycolytic pathway [97]. It
has been described to react with wide-ranging biological molecules, such as proteins [105],
amino acids [106], lipids [107], peptides [108], and DNA [109] under physiological pH
conditions [110].

However, sodium hypochlorite may be affected by organic matter because free chlo-
rine might react with natural organic matter and be converted into inorganic chloramines
to generate trihalomethanes, by reducing antimicrobial activity against biofilms [111], and
it is known to be less reactive than free chlorine. Peracetic acid is reported as being the
most effective sanitiser against biofilms because it is a strong oxidising agent that does not
interact with organic matter waste [112,113].

2. Quaternary ammonium:

QACs, such as benzalkonium chloride, cetrimide, didecyldimethylammonium chlo-
ride, and cetylpyridinium chloride, are cationic detergents (surfactants or surface-active
agents). They reduce surface tension and form micelles to lead to dispersion in a liquid.
This property is resourceful for removing microorganisms. They are membrane-active
agents that interact with not only the cytoplasmic membrane of bacteria, but with the
plasma membrane of yeast. Their hydrophobic activity also makes them effective against
lipid-containing viruses. QACs interact with intracellular targets and bind to DNA [114].
However, their efficacy is still questioned given the appearance of relatively high resistance
to Listeria monocytogenes (10%), Staphylococcus spp. (13%), and Pseudomonas spp. (30%), and
lower resistance to lactic acid the bacteria (1.5%) and coliforms (1%) isolated from food and
the food processing industry [115].

3. Peracetic acid:

In the last decade, peracetic acid (PAA) has been widely used by the food industry
in water and wastewater treatment, even in paper machines [116], to control biofilms. Its
antimicrobial effect is probably due to the oxidation of thiol groups in proteins, disruption
of membranes [117], or damage to bases in DNA [118]. Its use has been shown to increase
the sensitivity of bacterial spores to heat [119]. The efficacy and environmental safety of
peracetic acid make it an attractive disinfecting agent for industrial use.

Bacterial regrowth after oxidant treatment (peracetic acid and free chlorine) depends
on the absence or presence of organic matter. The oxidation-reduction (redox) potential
of PAA (1.385 V vs. standard hydrogen electrode or standard hydrogen electrode (SHE)
for the redox couple of CH3COOOH(aq)/(CH3COO−

(aq) + H2O(l))) comes close to that of
free chlorine (1.288 V vs. SHE for the redox couple of HOCl(aq)/Cl−(aq)) under biochemical
standard state conditions (pH 7.0, 25 ◦C, 101.325 Pa) [120]. For this reason, acid peracetic
and free chlorine may have similar efficiencies in preventing planktonic bacteria regrowth
in the absence of organic matter. As PAA reacts with organic matter more slowly than free
chlorine, its self-decomposition is slower [121].

Resistance to Disinfectants

Bacterial resistance to disinfectants in the planktonic phase can hardly be compared to
biofilm resistance. Yet several studies have shown contrary results to widespread belief,
such as the existence of wide interspecific variability of resistance to disinfectants. Gram-
positive strains generally appear to better resist than Gram-negative strains. This resistance
is also variable among strains of the same species [122].

Given the growing interest in knowing biofilm resistance to chlorine, quaternary
ammonium and peracetic acid, many studies have been conducted [123]. The bacteria
in mature biofilms are 10- to 1000-fold more resistant to antibiotics than the bacteria in
the planktonic phase [124], and this resistance appears against biocides. However, this
natural resistance is still unknown, and probably depends on many factors, mainly of
structural biofilm barriers and genetic factors for adaptation. To explain this resistance,
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several authors [125] have suggested three possible causes by three hypotheses: the first
is based on the slow or incomplete diffusion of antibiotics into inner biofilm layers. The
second lies in the changes taking place in the biofilm microenvironment as some biofilm
bacteria fall into a slow growth state due to lack of nutrients or given the accumulation of
harmful metabolites and, therefore, survive [126]. Finally, the third hypothesis indicates a
subpopulation of cells in the biofilm whose differentiation resembles the spore formation
process. They have a unique and highly resistant phenotype to protect them from the
effects of antibiotics, and are a biologically programmed response to the sessile life form of
bacteria [127].

In addition, aquatic fauna is less affected by PAA than by chlorine [128]. There-
fore, PAA is considered a green alternative to chlorine for disinfection purposes, and its
disinfection performance is currently being investigated [120].

As previously mentioned, there are two very different situations for action against
biofilm formation: the food industry and the health field. There is still a lot to do in
both fields, but it is true that CDP is practically the only implementation in the food
industry. The health field has witnessed much more progress: phages [129], aerosolisa-
tion [130], sonication brush [131], and metal ion solutions (silver, copper, platinum, gold,
and palladium) [132].

In short, some authors [133] establish two strategies for fighting biofilms in the food
industry: structural modification of surfaces or application of antibacterial or antibiofilm
coatings [134]. Thus, several alternative products to classic disinfectants (chlorine, quater-
nary ammonium, etc.), such as, plant-derived antimicrobials (essential oils: orange-sorrel,
lemon, lavender, chamomile, peppermint, oregano), with thymol and carvacrol being the
compounds that display more significant antimicrobial action in shorter action times.

4.4. Alternative Methods to Eliminate Biofilms

Phages: bacteriophages are specific “viruses” of microbial cells that are specific to the
different serotypes or strains of microbial species, and are obligate parasites with a genetic
parasitism [135]. Bacteriophages inject their DNA and force the cell to produce the bacte-
riophage genome and structures (e.g., capsid and tail). When phages are complete, they
lyse cells, which means that bacteriophage infection can destroy the entire colony [136,137].
In the last few years, the FDA/USA approved preparing bacteriophages (LISTEX P100) to
combat the direct presence of L. monocytogenes in foods [138,139].

Aerosolisation: a disinfection method with different disinfectants applied to working
areas by pulverisation. Several authors [138] have shown its efficacy as a biofilm control
method in the food industry and hospitals by using hydrogen peroxide [140], sodium
hypochlorite, and peracetic acid [141].

Knowledge about the resistance mechanisms associated with biofilm evolution could
be primordial to develop new actions or strategies by biocides and antibiotics [142], such as
modified wound dressings with phyto-nanostructured coatings to prevent staphylococcal
and pseudomonal biofilm development [143].

Involving bacterial adherence: in recent years, new biochemistry methods have been
studied to prevent biofilm formation. The most efficient strategy would interfere with
bacterial adherence, as this first step is paramount in biofilm formation, performed by the
direct blockage of surface receptors [144] or by a non-specific strategy, which normally
involves compounds with anti-adherence properties [145]. Another biofilm inhibition form
would be to impede communication processes between bacteria to enter the biofilm by
employing different natural or artificially synthesised compounds [146]. One example
of this is P. aeruginosa, which uses quorum sensing for modular biofilm evolution, and
proposes that agents are capable of blocking quorum sensing (QS), and could be useful for
avoiding biofilm formation [144].

The role of the QS in biofilms includes controlling the cell-to-cell communicating sys-
tem in response to small diffusible signal molecules, such as N-acyl-homoserine lactones
(AHLs), produced by Gram-negative bacteria [147]. It has been shown to play crucial roles
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in biofilm formation by activating the transcription of related genes [148]. Specifically,
different AHLs have been detected in biofilm reactors and several bacterial species have
been identified to possess the capacity to produce AHLs [149]. Thus, AHLs-based QS
has been widely reported to regulate many microbial behaviours, including EPS expres-
sion, nitrogen transformation, organic pollutant degradation and microbial community
construction [150].

Current advances in nanoscience nanotechnology and nanosensors [151] have emerged
for applications to detect microorganisms and biofilms [152] with high sensitivity and good
spatial resolution on nanoscale scopes [153]. Recent works have been published on imaging
approaches of biofilm microprocesses [154], in-situ surface-enhanced Raman Scattering
(SERS) analyses, biofilm visualisation [155] and biosensors of bacteria in foods [156]. The
enormous advantages and great potential observed in bioassays based on multifunctional
optical nanosensors are promising to continue with a view to ensure and promote food
safety and quality. From the detection targets perspective, QS detection might become a
new biofilm research trend based on evidence that biofilm formation can be inhibited by
blocking QS [151].

5. Biofilm Identification Techniques and Methods to Visualise Biofilms In Situ
5.1. General Aspects of Biofilm Study Techniques

Doubtlessly, biofilms can pose a major challenge in both clinical microbiology and
hygiene food areas. In the latter area, several authors consider them a real threat. Currently,
methods aim to analyse biofilm formation and development, which have not yet been
standardised. Different methods have been followed to qualitatively and quantitatively
evaluate biofilms, and each one is useful for estimating one peculiar biofilm lifestyle
aspect [157]. Nevertheless, research to identify and acquire knowledge of biofilms has
allowed distinct techniques to be developed and adapted from microbiology or cell histol-
ogy. It is essential to evaluate biofilm formation for a sensitive, specific and reproducible
methodology for biofilm quantification to become available.

Different approaches classify the methods followed to detection biofilms on very
distinct surfaces: (i) the simplest classification of methods is direct or indirect [17]. (ii)
Rapid tests of hygienic control, and methods for microscopic, biomolecular, extracellular
polymeric, physical, or chemical substances (EPS) are another possible classification [158].
(iii) A recent publication [159] only refers to the technology of the referred methods being
classified as physics, physico-chemistry or chemistry, and recommends three effective
approaches for testing biofilms: (a) observations by various microscopic methods with
different view fields at the same point; (b) in-depth data analyses during microscopic
image processing; (c) a combination study using atomic force microscopy (AFM) and
chemical analysis. Perhaps this is the most advanced and appropriate methodology for
biofilm analyses, where the detailed image of the surface will help to build a relation
among the biofilm matrix, interactions and other factors like pH, surfaces [159]. However,
there is another case in which bacterial species can help to reduce biofilms, where Bacillus
licheniformis can express hydrolytic enzymes capable of reducing detrimental biofilms [160].

Therefore, depending on the set objectives, that is, what we wish to achieve with
the biofilm, we should choose a technique according to our study. Not all techniques are
suitable for a certain purpose, but might be compatible. Thus, some methods are suited for
quantifying the biofilm matrix, while others are able to evaluate both living and dead cells,
or exclusively quantify viable cells in biofilms.

By considering the complexity and heterogeneity of the biofilm structure, the exact
research objective should be set. The amount of EPS, the total number of bacterial cells
embedded in biofilms, or the actual number of living bacteria in biofilms must be consid-
ered to be different targets that require distinct experimental approaches [157]. We should
bear in mind that the biofilm volume is constituted mainly by an extracellular matrix
(95–65% range), which is composed mostly of proteins (>2%), and other constituents, such
as polysaccharides (1–2%), DNA molecules (<1%), RNA (<1%), ions (bound and free),
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and finally 97% water [161]. Thus, the biofilm research methodology should address the
identification of bacteria and other matrix constituents.

In order to obtain a fundamental understanding of the formation and presence of
bacterial biofilms, our analysis should include the detection of bacteria and the matrix.
The most frequently followed methods to assess biofilm heterogeneity are direct micro-
scopic imaging of the local biofilm morphology or microscopic measurements of local
biofilm thickness [162]. For many applications, time-lapse microscopy with Confocal Laser
Scanning Microscopy (CLSM) is an ideal tool for monitoring at a spatial resolution in the
order of micrometres, and it allows the non-destructive study of biofilms by examining
all layers at different depths. In this way, it is possible to reconstruct a three-dimensional
structure [163]. Matrix detection can be achieved by a double-staining technique combined
with CLSM, which allows the simultaneous imaging of bacterial cells and glycocalyx in
biofilms [164].

5.2. Colorimetric Methods
5.2.1. Evaluating the Biofilm Matrix

Staining the biofilms grown in microtiter plates wells is widely utilised by researchers
to screen and compare biofilm formation by different bacteria or under various condi-
tions [165]. Of the methods described in the literature, crystal violet (CAS number 931418
92 7) [166] is the most widespread for biofilm biomass quantification [167,168]. This basic
dye binds negatively charged molecules and, thus, stains are able to dye both bacteria and
the surrounding biofilm matrix. Acetic acid can be used as the extraction solvent and be
measured by absorbance at 700–600 nm. Safranin staining can also be employed for biofilm
biomass quantification [165,169], but results in lower optical densities than crystal violet
staining and, therefore, may not be as sensitive to detect small amounts of biofilm [165].

Crystal violet staining tests the concentration of the dye incorporated into bacterial
cell walls, and depends on cells’ integrity, but not on viability. However, other methods like
ATP bioluminescence report the cell’s metabolic status and drops to undetectable limits
within minutes after cell death. Resorting to both methods can provide supplementary
information on the cell exposed to disinfectant. The results can indicate that, despite the
drastic drop in viable cell numbers in the biofilm after disinfectant treatment, a significant
number of intact cells, or cellular debris, may still be capable of retaining the dye. This
observation leads to the question about the reliability of crystal violet staining as a method
to monitor biofilm disinfection [170].

Another colorimetric method for living cells is fluorescein diacetate (CAS number
596 09 8), which employs a useful live-cell fluorescent stain that is hydrolysed to fluorescent
fluorescein in live cells. The signal can be spectrophotometrically measured. This is suitable
for cell viability assays with intact membranes as dead cells are unable to metabolise
fluorescein diacetate. Thus, there is no fluorescent signal [157].

5.2.2. Cell Staining

Visualising a cell with fluorescent compounds provides a wide variety of information
to analyse cell functions. Various activities and cell structures can be targeted for staining
with fluorescent compounds [171]. These cell components are mostly cell membranes,
nucleotides, and proteins. The stain can pass to cells depending on the molecule charge,
hydrophobicity, or reactivity. Thus, small neutral and positively charged fluorescent
compounds can normally reach mitochondria for dyeing. Negatively charged molecules
cannot pass through viable cell membranes. Ester is a suitable functional group for staining
viable cells because it can pass through viable cell membranes, where it is hydrolysed by
cellular esterases into a negatively charged compound [171].

Other complementary techniques can be run to examine the performances of advanced
microscopic techniques employed to study microbial biofilms (i.e., confocal laser scanning
microscopy, mass spectrometry, electron microscopy, Raman spectroscopy) [157].
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Spectrofluorometric assays for the quantification of biofilms of gram-negative and
gram-positive bacteria is a method that utilises the specific binding of the wheat germ
agglutinin-Alexa Fluor 488 conjugate (WGA) to N-acetylglucosamine in biofilms [172].
This lectin conjugate also binds to N-acetylneuraminic acid on the peptidoglycan layer
of gram-positive bacteria. WGA specifically binds to polysaccharide adhesin (poly N-
acetylglucosamine), which is involved in biofilm formation by both gram-positive and
gram-negative bacteria. Burton et al. [172] compared the colorimetric assay with the
spectrofluorometric assay, whose results revealed that WGA staining may be a more
specific means of E. coli and Staphylococcus epidermidis biofilm detection and quantification.

5.2.3. LIVE/DEAD

This method is based on employing two different nucleic acid binding stains. The
first dye is green fluorescent (Syto9, λex 486 nm and λem 501 nm), which is able to cross
all bacterial membranes and bind to the DNA of both Gram-positive and Gram-negative
bacteria. The second dye is red-fluorescent (propidium-iodide (PI), CAS number 25535-16-4,
λex 530 nm and λem 620 nm), which crosses only damaged bacterial membranes. Stained
samples are observed under a fluorescent optical microscopy to evaluate live and dead
bacterial populations (see Figures 3–5). In fact, live bacteria fluoresce in green and dead
bacteria fluoresce in orange/red [173]. The efficiency of both stains is conditioned by some
factors, such as the reagent’s binding affinity to cells [169], physiological cell state [174],
reagent concentration [175], and temperature and incubation time [176].

Both stains are suitable for use in fluorescence microscopy, confocal laser scanning mi-
croscopy, fluorometry flow and cytometry, and can be employed as a nuclear counterstain.
LIVE/DEAD staining cannot be performed for the direct staining of biofilms on surfaces
because of interference between the stain and polysaccharides of the biofilm matrix and
slime [177].

This method’s main downside involves having to observe a statistically relevant
portion of the sample, which is representative of the whole population. Overall, the
method provides only semiquantitative results because the total count of bacterial cells
is not possible [178]. Nevertheless, this inconvenience can be prevented by employing
imaging software, such as cellSens®, which can count and measure cells depending on the
staining cell.
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ware, such as cellSens®, which can count and measure cells depending on the staining cell.  

5.2.4. Different Fluorescents Stainings 
The application of fluorescent stains to cells and food soil can be useful for the quan-

titative analysis of surface cleanability. Thus, the stain combination and working concen-
tration are essential for assessing the hygienic conditions of surfaces [179] or testing dis-
infectant efficacy against bacteria. Different methods can be followed to visualise and dif-
ferentiate cells and organic matter. The staining techniques to measure surface coverage 
by the two stains by image analysis are highlighted [180] using DAPI and Rhodamine B, 
DAPI and Fluorescein, or non-specific stains, such as acridine orange, and are also avail-
able and specific for particular organic matter [180], and/or for microorganisms [181].  

The use of different staining types can be explained by the results obtained in each 
study after checking the best biofilm and cells staining. These results depend on bacterial 
species, residual organic matter on surfaces, pH, disinfectant, etc. Whitehead et al. [182] 
conducted a large study with different dyeing, and concluded that the best combination 
was DAPI (CAS no. 28718-90-3, λex 340 nm, λem 488 nm, blue) and Rhodamine B (CAS no. 
81-88-9, λex 553 nm, λem 627 nm, red), as it allowed the quantitative determination of L. 
monocytogenes and whey on a surface with fluorescent staining under epifluorescence mi-
croscopy. It is also useful for demonstrating the hygienic status of surfaces (Figures 7 and 
8). The other tested staining procedures were unsatisfactory, or only slightly so, for dis-
tinguishing between viable and dead cells [182].  

DAPI staining is suitable for studying cell viability in planktonic situations (initial 
attachment) and biofilms attached to surfaces (proliferation and growth–maturation) (Fi-
gure 6). Nevertheless, coculture biofilm studies need to spatially discriminate between 

Figure 5. Planktonic state of Pseudomonas fluorescens stained with LIVE/DEAD (SYTO 9 and propid-
ium iodine) after treatment with Sodium hypochlorite (350 ppm) for 15 min. Viable bacteria (green)
and damaged bacteria (red). Magnification ×100.

5.2.4. Different Fluorescents Stainings

The application of fluorescent stains to cells and food soil can be useful for the quantita-
tive analysis of surface cleanability. Thus, the stain combination and working concentration
are essential for assessing the hygienic conditions of surfaces [179] or testing disinfectant
efficacy against bacteria. Different methods can be followed to visualise and differentiate
cells and organic matter. The staining techniques to measure surface coverage by the two
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stains by image analysis are highlighted [180] using DAPI and Rhodamine B, DAPI and
Fluorescein, or non-specific stains, such as acridine orange, and are also available and
specific for particular organic matter [180], and/or for microorganisms [181].

The use of different staining types can be explained by the results obtained in each
study after checking the best biofilm and cells staining. These results depend on bacterial
species, residual organic matter on surfaces, pH, disinfectant, etc. Whitehead et al. [182]
conducted a large study with different dyeing, and concluded that the best combination
was DAPI (CAS no. 28718-90-3, λex 340 nm, λem 488 nm, blue) and Rhodamine B (CAS no.
81-88-9, λex 553 nm, λem 627 nm, red), as it allowed the quantitative determination of L.
monocytogenes and whey on a surface with fluorescent staining under epifluorescence mi-
croscopy. It is also useful for demonstrating the hygienic status of surfaces (Figures 7 and 8).
The other tested staining procedures were unsatisfactory, or only slightly so, for distin-
guishing between viable and dead cells [182].

DAPI staining is suitable for studying cell viability in planktonic situations (ini-
tial attachment) and biofilms attached to surfaces (proliferation and growth–maturation)
(Figure 6). Nevertheless, coculture biofilm studies need to spatially discriminate between
species, and classic methods, such as crystal violet (CV), SYTO9/propidium iodide, and
DAPI staining are insufficient given their non-specific nature [183], and selectively bind
to each species. This burden can be overcome by applications, such as mutants express-
ing green fluorescent protein (GFP) [182,184], fluorescently labelled antibodies [185], and
fluorescence in situ hybridisation (FISH).

The DAPI/Rhodamine B combination in biofilms offers the best resolution and quan-
tification power between cells and organic matter (Figures 6–8). Several authors, such as
Almeida et al. [183], have applied peptide nucleic acid fluorescence in situ hybridization
(PNA FISH) combined with DAPI as a steady method to evaluate, validate, quantify, and
characterise the initial adhesion and biofilm formation of three microorganisms: Salmonella
enterica, Listeria monocytogenes and Escherichia coli.
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5.2.5. Confocal Laser Scanning Microscopy (CLSM)

Confocal laser scanning microscopy (CLSM) is an optical microscope equipped with a
laser beam that is particularly useful for examining thick samples like microbial biofilms.
Samples are stained with specific fluorescent dye insofar as the fluorescent light from
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the illuminated spot is collected on the objective and transformed by a photodiode into
an electrical signal to be computer-processed [160] given the complexity of the microbial
biofilm’s extracellular matrix formed by heterogeneous compounds: polysaccharide, lipids,
enzymes, extracellular DNA, and proteins [186].

However, no fluorescence labelling method is currently available for visualising
the whole biofilm matrix owing to its different compositions, which depend on each
bacterium and environmental condition, which means that each matrix component must
be individually stained. Unfortunately, however, a general stain for polysaccharides does
not exist because the chemical structure of matrix polysaccharides differs between distinct
bacteria: Gram + and Gram− [186].

Extracellular DNA has been related to bacterial attachment and early biofilm formation
stages in many species across the phylogenetic tree. These findings were discovered by
employing combined stains, such as PicoGreen® and SYTOX®, PI, 1,3-dichloro-7-hydroxy-
9,9-dimethyl-2(9H)-acridinone (DDAO), TOTO®-1, TO-PRO® 3. Most reports employed
DDAO for staining eDNA in biofilms after the first publications by Allesen-Holm et al. [187]
and Conover et al. [188]. Excellent efficacy has been reported for TOTO®-1, SYTOX® Green,
while PI provides the most reliable results. TO-PRO®-3 and DDAO are not completely
cell-impermeant [189].

With biofilm proteins, which may sometimes be more important than polysaccharides,
this occurs in cell wall-anchored proteins in Staphylococcus aureus and S. epidermidis, and
contributes to aggregation by homophilic interactions [190], or interacts with matrix com-
ponents that originate from the host, such as fibronectin, collagen, or fibrin [191]. These
biofilm proteins can be visualised with strains FilmTracer™ SyPro® [192]. Several proteins
also play a key role in the P. aeruginosa biofilm matrix, such as CdrA and others, perform
functions that range from nutrient acquisition to protection from oxidative stress [193].
Moreover, serine-protease inhibitor ecotin has been identified as a matrix protein that binds
to Psl [194].

Nowadays, confocal microscopy is a relevant tool for studying the structure of biofilms
thanks to its excellent real-time visualisation capability of fully hydrated living samples.
The limitation of light microscopy’s spatial resolution is improved by a fluorescence tech-
nique and by coupling CLSM with other imaging techniques [157]. The PNA FISH and
CLSM combination allows the spatial organisation of and changes in specific members
of complex microbial populations to be studied without disturbing the biofilm struc-
ture [195,196].

5.3. Raman Microscopy (RM)

This non-destructive analytical technique provides fingerprint spectra with the spatial
resolution of an optical microscope [197]. This original technique permits the quantitative,
label-free, non-invasive, and rapid monitoring of biochemical changes in complex biofilm
matrices with high sensitivity and specificity [198]. Raman spectra studies are characterised
by high specificity, and by usually revealing sharper clearer bands than IR spectra, and
a small water background. Compared to IR microscopy, excitation with visible light
can be employed in Raman spectroscopy, which allows standard optics to be utilised.
Other advantages include its application to characterise and identify different biological
systems (fungi, bacteria, yeasts) because all biologically associated molecules (e.g., nucleic
acids, proteins, lipids, carbohydrates) exhibit distinct spectral features [197]. Therefore,
Ivleva et al. [197] analysed seven different specific microorganisms by RM to characterise
microorganisms in biofilms.

Another author evaluated the antibiotic effect on biofilms [198], and the oxidation
of graphene as antibacterial activity against the Pseudomonas putida biofilm with variable
ages [199].

73



Int. J. Environ. Res. Public Health 2021, 18, 2014

5.4. Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) provides useful information about size, shape,
and localisation in the biofilms of single bacteria, and in biofilm formation process steps
about bacterial interactions and EPS production [200]. Surface topography has been
widely discussed as a parameter that influences microbial adhesion. In line with this, the
experiments by Kouider et al. [201], which employed SEM to establish the effect of stainless
steel surface roughness on Staphylococcus aureus adhesion, revealed that the adhesion level
largely depends on substrate roughness with a maximum at Ra = 0.025 µm and a minimum
at Ra = 0.8 µm. [202]. Mallouki et al. studied the anti-adhesive effect of fucans by SEM and
a MATLAB programme to determine the number and characteristics of adhered cells [203].

SEM has been extensively used to qualitatively observe biofilm disruption owing
to its high resolution, and is usually applied in combination with biological assays of
biofilm removal efficiency [204,205]. With SEM images, simple thresholding cannot often
be implemented because biofilm normal surface intensity values are similar due to the
same effective contrast seen by SEM. Rough (textured) biomaterial surfaces complicate
image analyses, and advanced segmentation methods, such as semi-supervised machine-
learning techniques, are usually needed [206]. The biofilm might be segmented from
the surface using the Trainable Weka Segmentation plugin, which utilises a collection of
machine-learning algorithms for segmentation purposes [207].

As with other previously mentioned techniques, SEM is a widely used resource for
confirming the presence of bacteria and the exopolysaccharide matrix when studying
biofilms (Figures 9–11). These studies usually obtain SEM results and are supplemented
with the results of other techniques like confocal [208,209], surface-enhanced Raman scat-
tering (SERS) spectroscopy [210], epifluorescence microscopy (DAPI/Rhodamine B), and
contact plates [211].
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5.5. Microbiological Methods

The estimation of the total number of organisms (total viable count) is the most widely
used technique to estimate biofilm viable cells. This count is done on agar media and its
result is colony-forming units (CFU). Based on the serial dilution series approach followed
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to quantify microorganisms, this technique is easy and requires no special equipment [158].
Surface samples (stainless steel, plastic, rubber coupons) with biofilms are analysed by
swab or sonication, and transferred to agar plates. This culture medium can be specific for
either the studied species or non-specific species (plate count agar media).

Several authors like [212] discovered that some bacterial species can enter a distinct
state called the viable, but non-culturable (VBNC) state. These living cells have lost the
ability to grow on plate agar media. However, this method has serious drawbacks and
limitations [213]: (i) the fraction of detached live cells may not be representative of the initial
biofilm population; (ii) a subpopulation of biofilm cells can be viable, but non-culturable
(VBNC), and cannot be detected by the CFU approach for the CFU estimation of the
recovery and quantification of viable biofilm cells. Several authors, such as Cerca et al. [214]
and Olivera et al. [215], have proposed applying flow cytometry coupled with a few
possible fluorophores as an alternative to the total viable count from biofilms because flow
cytometry solves both CFU counting limitations by distinguishing total, dead, and VBNC.

The total viable count technique is fundamental for the evolution of biofilm studies,
as are studies about the efficacy of industrial disinfectants and increased resistance to the
application of different disinfectants. Table 2 shows some results of disinfectant efficacy
against several bacterial species.

Table 2. Resistance of several bacterial species to disinfectant on different material surfaces.

Bacterial Species Disinfectant ppm or % Surfaces Biofilm. Log
Reduction CFU Reference

S. aureus Sodium hypochlorite 250 Stainless steel/PP 4.5/4.4 [212]
Cronobacter Sakazakii Sodium hypochlorite 250 Stainless steel/PP 3.7/3.9 [216]

S. Typhimurium Sodium hypochlorite 250 Stainless steel/PP 5.82/6.1 [216]
S. aeruginosa Sodium hypochlorite 250, 500 Stainless steel 316 2/100% [217]
S. aeruginosa Sodium hypochlorite 750, 1000 Stainless steel 316 100%/100% [217]

B. cereus NaOH and HNO3, 65 ◦C 1% CIP dairy 2 [218]
Enterococcus faecium Sodium hypochlorite 100 Stainless steel 3 [98]

E. faecium Peracetic acid 300 Stainless steel 4 [98]
Rhodococcus erythropolis Alkyl amine 1–1.3% Stainless steel >5 [103]

R. erythropolis Peracetic acid 0.2% Stainless steel 0.48 [103]
R. erythropolis Sodium hypochlorite 0.5–1% Stainless steel 4.51 [103]
R. erythropolis QAC 200 Stainless steel >5 [103]

Sphingomonas sp. Alkyl amine 1–1.3% Stainless steel >5 [103]
Sphingomonas sp. Peracetic acid 0.2% Stainless steel >5 [103]
Sphingomonas sp. Sodium hypochlorite 0.5–1% Stainless steel >5 [103]
Sphingomonas sp. QAC 200 Stainless steel >5 [103]
Methylobacterium

rhodesianum Alkyl amine 1–1.3% Stainless steel 4.48 [103]
M. rhodesianum Peracetic acid 0.2% Stainless steel >5 [103]
M. rhodesianum Sodium hypochlorite 0.5–1% Stainless steel 0.01 [103]
M. rhodesianum QAC 200 Stainless steel 0.64 [103]

L. monocytogenes Sodium hydroxide 0.5% Rubber 0.66 [112]
L. monocytogenes QAC 0.5% Rubber 1.72 [112]
L. monocytogenes Sodium hypochlorite 0.5% Rubber 1.79 [112]
L. monocytogenes Peracetic acid 0.5% Rubber 5.10 [112]
L. monocytogenes Sodium hydroxide 0.5% Polypropylene 1.20 [112]
L. monocytogenes QAC 0.5% Polypropylene 2.57 [112]
L. monocytogenes Sodium hypochlorite 0.5% Polypropylene 2.74 [112]
L. monocytogenes Peracetic acid 0.5% Polypropylene 6.62 [112]
L. monocytogenes Sodium hydroxide 0.5% Stainless steel 1 [112]
L. monocytogenes QAC 0.5% Stainless steel 4.06 [112]
L. monocytogenes Sodium hypochlorite 0.5% Stainless steel 1.97 [112]
L. monocytogenes Peracetic acid 0.5% Stainless steel 6.63 [112]
L. monocytogenes Sodium hydroxide 0.5% Aluminium foil 0.52 [112]
L. monocytogenes QAC 0.5% Aluminium foil 5.1 [112]
L. monocytogenes Sodium hypochlorite 0.5% Aluminium foil 3.84 [112]
L. monocytogenes Peracetic acid 0.5% Aluminium foil 6.54 [112]
L. monocytogenes Benzalkonium chloride 100–10,000 Polystyrene 1–7 [112]
L. monocytogenes Benzalkonium chloride 10 Polystyrene 100% [170]

Colony-forming units (CFU); cleaning-in-place (CIP); polypropylene (PP); quaternary ammonium compounds (QAC).
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6. Conclusions

Biofilms have become a major environmental microbiology concern in the food indus-
try over the last 30 years. This topic is prominent due to the potential for contamination of
food from biofilms; they are responsible for more than 20% of food poisoning cases and for
being up to 1000-fold more tolerant to antibiotics than their planktonic counterparts [219].

Many bacterial species have the ability to form biofilms, such as microbial subsistences
(when faced with hostilities from the environment), antibiotics, and disinfectants. For these
reasons, cleaning and disinfecting in the food industry must bring about changes that
favour eliminating biofilms, because once they form, the resulting costs and risks will
be very high. As previously discovered in many publications, the ability of bacteria
to form biofilms is greater than the discoveries. Thus, they must be eliminated. The
advancement of new, non-destructive technologies (e.g., laser dissection) to study biofilms
and their results should be applied to biofilm diagnoses in the food industry, to better
understand the physiological anatomy of microbes and biofilms, and future applications in
the food industry.
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112. Skowron, K.; Hulisz, K.; Gryń, G.; Olszewska, H.; Wiktorczyk, N.; Paluszak, Z. Comparison of selected disinfectants efficiency
against Listeria monocytogenes biofilm formed on various surfaces. Int. Microbiol. 2018, 21, 23–33. [CrossRef] [PubMed]

113. Ibusquisa, P.A.; Herrera, J.J.R.; Cabo, M.L. Resistance to benzalkonium chloride, peracetic acid and nisin during formation of
mature biofilms by List. Monocytogenes. Food Microbiol. 2011, 28, 418–428. [CrossRef]

114. Eterpi, M.; McDonnell, G.; Thomas, V. Disinfection efficacy against parvoviruses compared with reference viruses. J. Hosp. Infect.
2009, 73, 64–70. [CrossRef]

115. Langsrud, S.; Sidhu, M.S.; Heir, E.; Holck, A.L. Bacterial Disinfectant Resistance—A Challenge for the Food Industry. Int.
Biodeterior. Biodegrad. 2003, 51, 283–290. [CrossRef]

116. Rasimus, S.; Kolari, M.; Rita, H.; Hoornstra, D.; Salkinoja-Salonen, M. Biofilm-Forming Bacteria with Varying Tolerance to
Peracetic Acid from a Paper Machine. J. Ind. Microbiol. Biotechnol. 2011, 38, 1379–1390. [CrossRef] [PubMed]

117. Russell, A.D. Similarities and differences in the responses of microorganisms to biocides. J. Antimicrob. Chemother. 2003, 52,
750–763. [CrossRef]

118. Block, S.S. Peroxygen compounds. In Disinfection, Sterilization, and Preservation, 5th ed.; Lippincott Williams & Wilkins: Philadel-
phia, PA, USA, 2001; pp. 185–204.

119. Marquis, R.E.; Rutherford, G.C.; Faraci, M.M.; Shin, S.Y. Sporicidal action of peracetic acid and protective eVects of transition
metal ions. J. Ind. Microbiol. 1995, 15, 486–492. [CrossRef]

120. Dunkin, N.; Weng, S.; Schwab, K.J.; McQuarrie, J.; Bell, K.; Jacangelo, J.G. Comparative inactivation of murine norovirus and MS2
bacteriophage by peracetic acid and monochloramine in municipal secondary wastewater effluent. Environ. Sci. Technol. 2017, 51,
2972–2981136. [CrossRef]

121. Zhang, C.; Brown, P.J.B.; Miles, R.J.; White, T.A.; Grant, D.A.G.; Stalla, D.; Hu, Z. Inhibition of Regrowth of Planktonic and Biofilm
Bacteria after Peracetic Acid Disinfection. Water Res. 2019, 149, 640–649. [CrossRef] [PubMed]

122. Bridier, A.; Briandet, R.; Thomas, V.; Dubois-Brissonnet, F. Comparative biocidal activity of peracetic acid, benzalkonium chloride
and ortho-phthalaldehyde on 77 bacterial strains. J. Hosp. Infect. 2011, 78, 208–213. [CrossRef] [PubMed]

81



Int. J. Environ. Res. Public Health 2021, 18, 2014

123. Vázquez-Sánchez, D.; Cabo, M.L.; Ibusquiza, P.S.; Rodríguez-Herrera, J.J. Biofilm-forming ability and resistance to industrial
disinfectants of Staphylococcus aureus isolated from fishery products. Food Control. 2014, 39, 8–16. [CrossRef]

124. Mah, T.F.C.; O’Toole, G.A. Mechanisms of biofilm resistance to antimicrobial agents. Trends Microbiol. 2001, 9, 34–39. [CrossRef]
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Abstract: Food texture is a major food quality parameter. The physicochemical properties of food
changes when processed in households or industries, resulting in modified textures. A better under-
standing of these properties is important for the sensory and textural characteristics of foods that
target consumers of all ages, from children to the elderly, especially when food product develop-
ment is considered for dysphagia. Texture modifications in foods suitable for dysphagic patients
will grow as the numbers of elderly citizens increase. Dysphagia management should ensure that
texture-modified (TM) food is nutritious and easy to swallow. This review addresses how texture and
rheology can be assessed in the food industry by placing particular emphasis on dysphagia. It also
discusses how the structure of TM food depends not only on food ingredients, such as hydrocolloids,
emulsifiers, and thickening and gelling agents, but also on the applied processing methods, including
microencapsulation, microgels as delivery systems, and 3D printing. In addition, we address how to
modify texture for individuals with dysphagia in all age groups, and highlight different strategies to
develop appropriate food products for dysphagic patients.

Keywords: dysphagia; the elderly; food industry; food products; nutrition; processing; rheology; tex-
ture

1. Introduction

Food colloids are multi-component, multi-phase systems, involving a complex mixture
of water, proteins, polysaccharides, lipids, and many minor constituents that contribute to
food textures [1]. While eating and swallowing food, sensory tasks require the tongue’s
motor behavior to explore, squeeze, or move a bolus to ascertain its flow properties [2].
However, eating and swallowing food can pose problems that result in dysphagia; those
with this condition are dysphagic patients.

Dysphagia refers to difficulty in swallowing, or sometimes the impossibility of swal-
low liquid or semisolid/solid food [3]. This condition affects almost 580 million people
worldwide, especially infants and the elderly, and it leads to nutritional deficiencies [4,5].
As populations in many developed countries age, the number of dysphagic patients is
likely to rise. Approximately 2 billion people will be aged 60 and over by 2050, in many
countries, (e.g., Japan, Germany and Korea); around 15% of their populations will be over
80 years old [6]. The older population is the global population’s fastest growing segment.
Average life expectancy at birth is expected to rise from the present 70 years to 77 years by
2045, with more than 400 million individuals older than 80 years by 2050 [7]. Hence, urgent
attention must be paid to the food and nutrition requirements of the elderly, particularly
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those who are very old and frail. This creates an excellent opportunity for food scientists to
respond by formulating food products that meet this demand [8]. Apart from the elderly,
and infants whose muscle mass and strength—related to swallowing foods—are weak,
those with other medical conditions, such as trauma, cancer, surgery, cerebral palsy, stroke,
and other neurological conditions in any age group, may also suffer dysphagia.

Modifying food texture and liquid thickness, without compromising nutritional qual-
ity, will play a key role in dysphagia management to ensure that patients can meet their
nutritional requirements [9]. For example, studies on bolus rheology by Ishihara et al. [10]
suggest that bolus viscoelasticity balance is important to ease swallowing. Other researchers
recommended that food texture for dysphagia diets be soft, smooth, moist, elastic, and easy
to swallow [11,12]. Handling viscous food components will involve more studies on their
rheological parameters. However, a general understanding of the parameters defining
texture-modified (TM) food for dysphagia patients worldwide is generally lacking. One
extremely important matter for dysphagia management and treatment is to implement
the same terminology for it to be universally accepted. A classification system for food
viscosity and texture based on sound empirical evidence to help with dysphagia manage-
ment is necessary. There is a gap in communicating and collaborating among experts in
food services and clinical staff. To bridge this gap, in 2012, the International Dysphagia
Diet Standardization Initiative (IDDSI) was founded to provide a globally standardized
terminology and definitions for TM food and liquids that are applicable to dysphagia
individuals of all ages, in all care settings, and for all cultures [13]. We need to conduct
more studies to maintain a valid and quantitatively defined scale for different food/fluid
textures that can be tested under clinical conditions. Likewise, developing standard recipes
for TM food and fluid is also important. For example, in order to provide foods with
suitable textures to dysphagic patients, healthcare personnel will have to communicate
what this texture is to food producers.

Texture is a sensory multiparameter attribute. It includes all the attributes of the
rheological and structural properties of a food product, perceptible by mechanical, visual,
auditory and tactile preceptors [14,15]. The roots of the multiparameter attributes of texture
lies in its molecular, microscopic, or macroscopic structure. Moreover, certain texture
aspects can be seen by the naked eye (e.g., coarse or fine cake texture) or heard by ears (e.g.,
sounds made when biting on a crunchy celery stalk or a crisp piece of toast) [16]. Dysphagic
patients need nutritious foods; such foods need to be of the right texture to improve their
consumption and deliver the required nutrients. The need for better intervention strategies
is addressed in previous works that target elderly hospitalized patients; this is important
because it has the potential to improve patient treatments and outcomes [17]. There are
concerns that some TM strategies, such as the IDDSI, do not address the nutritional aspects
of foods [9].

Food industries are concerned about variations in taste that come about with changes
in viscosity and flow behavior. For instance, evidence suggests that increasing solution
viscosity in regular syrup substantially lowers taste intensity, while an increased non-
Newtonian flow property observed in light syrup diminishes taste intensity [18]. A better
understanding of rheological properties would allow the systemic development of food
products to be designed for desired texture and taste interactions. Texture, for many food
materials, is a key quality factor. Knowledge gained from the rheological and mechanical
properties of various food systems will be relevant for designing flow processes to ensure
quality, and to predict storage and stability measurements. Rheological behavior is directly
associated with sensory qualities, which significantly influence taste, mouth feel, and stable
shelf life. Hence, there is a need for caterers and food scientists to formulate suitable food
products for aging populations, which requires a classification system based on rheological
properties, consistency, and texture for dysphagia management. These products can be
developed for dysphagic patients by blending food ingredients according to personalized
recipes for TM food and fluids [19]. To supply dysphagic patients with appropriately
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textured food, healthcare personnel have to communicate this texture to food service
providers by utilizing the same terminology in dysphagia management and treatment [20].

In order to overcome this dilemma, a guide for TM food was developed, in collabora-
tion with dieticians, speech and language pathologists, and a food company specialized
in TM diets (Table 1). The purpose of this guide was to develop different food texture
definitions based on several Swedish documents. This guide was influenced by the guide-
lines developed by the British Dietetic Association in collaboration with the Royal College
of Speech and Language Therapists [21,22]. It was a pioneering work in the early years
(2000–2002), which objectively defined and quantified categories of texture-modified food
by conducting rheological measurements and sensory analyses [23]. However, there are
limitations in the work, as analyses were conducted on 15 representative TM sample food
items. Moreover, individual medical research will be needed to provide diet recommenda-
tions to dysphagic patients.

Table 1. Descriptions of the consistencies in the texture guide [23].

Category Description Example

Regular or cut Normal texture, possibly cut into
smaller pieces.

Whole or cut meat, whole fish, meat or sausage
dishes, vegetables, potatoes and gravy. Fresh fruit or

canned fruit with whipped cream or ice cream.

Coarse pâtés
Grainy, porous soft texture with coarse
grains, such as a juicy and soft meatloaf.

Easy to cut with a fork.

Coarse meat pâté or whole steamed fish, coarse
vegetable pâté or well-cooked vegetables, whole or
pressed potatoes, and gravy. Canned fruit in pieces

with whipped cream or ice cream.

Timbales
Smooth, soft, short, and uniform

consistency, similar to an omelet. Can be
eaten with a fork or spoon.

Meat or fish timbale/soufflé, vegetable
timbale/purée, mashed/pressed potatoes, and gravy.

Fruit mousse with whipped cream or ice cream.

Jellied products Soft and slippery food, such as mousse.
Can be eaten with a fork or spoon.

Cold jellied meat or fish, vegetable purée or cold
jellied vegetables, mashed potatoes, and thick gravy.

Jellied fruits with whipped cream or ice cream.

Liquids
Smooth and liquid consistency, such as
tomato soup. Fluid runs off the spoon.

Cannot be eaten with a fork.

Enriched meat, fish or vegetable soup with whipped
cream or crème frâiche. Fruit soup with whipped

cream or ice cream.

Thickened liquids
Smooth and viscous, such as sour cream.

Fluid drops off the spoon. Cannot be
eaten with a fork.

Enriched viscous meat, fish or vegetable soup with
whipped cream or crème frâiche. Viscous fruit soup

with whipped cream or ice cream.

Today, the literature on the impacts of TM food, developed by food scientists, on food
swallowing, remains scarce. Food processing industries are adopting various treatments—
including thermal and non-thermal treatments—to modify texture. Future trends will likely
include a combination of three-dimensional (3D) printing and drying to design foods, and
to enhance textural and sensory characteristics for dysphagic patients [24]. A good starting
point to develop these new food products is to gain a better understanding on sensory
and rheological characteristics (see Table 1), which will be useful for modifying food
texture. The objectives of this review article are to raise awareness about the importance
of texture modification in the foods provided to dysphagic patients, describe methods
to assess viscosity and texture properties in TM food for dysphagia, and compile those
aspects that are related to the nutritional quality of foods for dysphagia. Section 2 describes
various textural properties by highlighting methods to assess texture in general, particularly
referring to dysphagia. Section 3 describes the varying effects of ingredients and processing
methods on food texture. Section 4 discusses texture modification for dysphagic patients.
Section 5 offers some food examples developed for dysphagic patients. Finally, Section 6
concludes this review.
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2. Methods to Assess Texture in the Food Industry

The International Organization of Standardization (ISO) recognizes texture as both
a sensory quality attribute and a multiparameter attribute. The commonly accepted ISO
defines texture as all rheological and structural (geometric and surface) attributes of a food
product perceptible by means of mechanical, tactile and, wherever appropriate, visual and
auditory preceptors [14].

Texture and rheology are important parameters that need to be assessed when devel-
oping food products. One of the physical properties in food technological and sensory
analyses that agrees with the ISO definition related to food texture is given by Szczes-
niak [25] as: “the sensory and functional manifestation of the structural, mechanical and
surface properties of foods detected through the senses of vision, hearing, touch and kines-
thetics”. Texture is one of the key food attributes that is used to define product quality and
acceptability [26], and even shelf life. This characteristic is present in all food, can affect
its handling and processing, and can even be decisive for both shelf life and consumer
acceptance. It will depend on the analyzed food type. Thus raw material food, handling
and processing conditions, such as storage temperature, can have a significant influence on,
for example, meat textural properties [27]. To understand this physical food property, we
should understand the role of rheology in food. It was defined by Steffe [28] as “a branch of
physics that studies the deformation and flow of matter”. This means that it is the condition
under which materials respond to an applied force or deformation, despite the fact that
many authors relate rheology to liquid or semiliquid food sensory properties rather than
to solids. In cases where swallowing food is difficult, hydrocolloids, which exhibit many
functionalities in foods, including thickening, gelling, water-holding, dispersing, stabiliz-
ing, film-forming, and foaming agents are useful [29]. They have been used as a texture
modifiers in almost all kinds of processed food products [29]. All materials have rheological
properties that can be employed to assess raw materials and process characteristics, as well
as their behavior and stability, throughout storage time until they are eaten to determine
their customer acceptance [30]. This means that rheological analyses are necessary to
identify the most suitable foods in accordance with final consumer requirements and to
ensure the uniformity of different batches over time [30].

Food rheology has been defined as “the science of the deformation and flow of
matter” [31]. Therefore, food texture characterization is no new science. Founded in
1929, the American Society of Rheology has already considered experimental foodstuff
rheology [30] and consumers previously employed the food rheology/texture as food
quality parameters. Conscientious interest has always been shown in its analysis, which
has led it to be characterized in the past with senses by means of sensorial techniques.
Nevertheless, this analysis is completely subjective and, thus, it is apt and necessary to
perform instrumental analyses, which can relate their results to sensorial tests [32].

Matter starts deforming or flowing only when it is acted upon by forces that may be
applied deliberately or accidentally; moreover, there is the all-pervading force of gravity
that causes “soft” bodies to flow and lose shape. Rheology is, thus, mainly concerned with
forces, deformations, and time [31]. Time matters in many ways, but it is often introduced
into measuring rates of changes of deformations and forces. The passage of time does
not actually bring about changes in materials. Chemical changes in foodstuff often occur
with time, but can be studied by rheological methods. Temperature is also important and
frequently appears in rheological equations [31].

In 1958, Blair [31] classified the frequently used instrumental techniques to measure
texture into three main groups:

• Empirical tests to measure some physical properties under well-defined conditions;
• Imitative tests to simulate the conditions to which a material is subjected in mouths;
• Fundamental tests to measure physical properties, such as viscosity and elasticity.

A widely used imitative test today in the food technology field is the so-called Texture
Profile Analysis (TPA). The TPA is not only widespread, but also convenient for rapid
food texture evaluations [33], although texture can be measured by expert people with
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sensorial analyses. This test involves double compression to determine food textural
properties. Any food texture identity is rarely a simple matter of understanding a singular
characteristic, such as toughness or cohesion. The texture of each food is versatile and
related to consumers’ sensory expectations. It is not enough to deliver food with the target
hardness and elasticity if consumers do not like it and it does not meet their expectations
for that food type [34].

Food oral processing is described as a complex and dynamic pathway that involves
mechano/chemoreceptors, mixing with saliva, temperature, friction, etc. When thickening
formulas for dysphagia are considered, imitation by means of instrumental techniques is
difficult as the physico-chemical features of each specific hydrocolloid or food involved in
diet will be differently perceived in the mouth [35]. Viscosity is a fundamental property that
is obtained from rheological measurements, and is used as the most important criterion in
developing thickeners for dysphagia patients. The American Dietetic Association reached
an agreement, which was published in the National Dysphagia Diet T [36], and categorizes
foods according to their viscosity (at 50 s−1) shear rate range values. The categories are:
(1) nectar-like (51–350 cP); (2) honey-like (351–1750 cP); (3) spoon thick (>1750 cP)) to
ensure safe swallowing and to facilitate palliative care procedures for different types of
patient needs, although the categorization does not consider very relevant sensory aspects.
Although viscosity values are obtained at 50 s−1, no consensus has been reached by the
scientific community about the shear rate value of the swallowing process [36]. A study
that considered rheological and tribological responses of biopolymer-based thickening
solutions incorporated into different food matrices for dysphagic patients observed that an
increase in the biopolymer concentration significantly affected rheological properties as
xanthan gum showed the highest viscosity, pseudoplasticity, and viscoelasticity, followed
by flaxseed gum [37].

ISO 11036:2020 [38] sensory profiling methods can be used for these attributes. This
ISO document specifies a method for developing a texture profile of food products (solids,
semisolids, liquids). This method is one approach to the sensory texture profile analysis.
Chemical composition determines the basic physical structure of foods which, in turn,
influences their texture. An understanding of textural properties will, therefore, require
studying the physical structure of foods. Other methods based on physical structure that
can offer a description of a product’s textural attributes include light and/or electron
microscopy, and an X-ray diffraction analysis that provides information about crystalline
structure. Differential scanning calorimetry provides information about melting, solidifica-
tion, and other phase or state transitions, while a particle size analysis and sedimentation
methods offer information on particle size distribution and particle shape [39]. Conven-
tional profiling via QDA®, flash profiling and projective mapping performed by panels
were used by Albert et al. [40] to describe foods with complex textures. The application
of QDA®, flash profiling and projective mapping using panels with different degrees of
training helps to overcome issues in the sensory description of served hot food with a
complex texture [40].

However, a qualitative empirical method on test conditions that can better measure
viscosity is lacking, as the literature on dysphagia indicates [41]. Researchers have used a
quick empirical test, the line spread test (LST), to compare relative viscosities of several
similar products. It measures the consistency of a liquid using the distance that a stan-
dard amount of liquid spreads over a horizontal surface when released from a confined
chamber [42].

Dr. Szczesniak developed and improved sensory descriptions for the texture of specific
food while searching for more universal descriptors to be applied to a broader array of
food. One of the goals was to develop a common lexicon and a set of procedures to allow
objective and repeatable sensory texture evaluation tests to be run in different laboratories,
with several operators, and for many distinct food types [34]. These experiments described
and introduced food sensory analyses as five basic independent mechanical parameters:
hardness, cohesiveness, adhesiveness, viscosity, elasticity, and into three more dependent
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parameters (brittleness, chewiness, gumminess) [34]. These mechanical parameters [34]
can be read from the curve and compared to the observed sensory characteristics. A high
correlation between the measurements taken by this technique and sensory evaluations
has been shown.

Figure 1 shows a typical TPA graph for food, which is a popular double-compression
test run to establish textural food material properties [25] and to quantify mechanical
parameters from recorded force-deformation curves.

Figure 1. Generalized instrumental texture profile curve modified from Szczesniak [25]. A1: positive
force area during first compression; A2: positive force area during second compression; A3: negative
force area during first compression; A4: negative force area during second compression; Z1: height
of the maximum force during first compression; Z2: height of the maximum force during second
compression; Y1: time of maxime force during first compression; Y2: time of maxime force during
second compression; x: time between the first and second compression.

Generally, the parameters observed in the texture profile analysis, i.e., hardness,
adhesiveness, and cohesiveness, are used to compare the sensory attributes and rheological
properties of various foods. They are employed to examine the material properties of
commercial oral moisturizers and denture adhesives, which are relevant to dysphagia [43].

In the curves generated in the two TPA cycles, when foods are chewed over time,
as shown in Figure 1, hardness (N/m2): the peak force in the first compression cycle
(Z1); adhesiveness: negative force area A3 for the first bite; cohesiveness (J/m3): the ratio
between the positive force area during the second compression and that during the first
compression (A2/A1); springiness: Y2/Y1.

It is important to emphasize that TPA has not been broadly used in texture measure-
ments for dysphagia as it does not assess some of the core attributes that are relevant to
their foods, which are important; they include slipperiness, humidity, and mouth coat-
ing. However, other new tests were developed to help complete the knowledge about
the physicochemical properties of food in different analytical fields, such as microscopic,
submicroscopic, and molecular [44]. This technical progress was assisted by computer
science. Indeed, without computer aid, modern spectroscopy, calorimetry, microscopy, and
rheological equipment would not have been able to help texture analyses [44].

Nowadays, new texture analyses include a range of food texture-related parameters:
firmness, hardness, consistency, fibrosity, tenderness, elasticity, resistance, gel strength,
stickiness, adhesiveness, spreadability, bloom force, extensibility, cohesiveness, chewiness
extrudability, texture profile analyses, rubberiness, and resilience. Touch characteristics
can be classified as mechanical, which measure chewing effort, geometric, related to shape,
and others, such as moisture and fat content. Therefore, most of these characteristics are
perceived in the mouth if we bear in mind that texture includes all the steps from the first
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bite to swallowing [45]. Food mastication covers different processes, including deformation
and flow (rheology), size reduction (comminution), and mixing and hydration with saliva.
Other physical behaviors that can also be relevant for texture are changes in temperature
and surface roughness (rugosity). Food researchers should run rheological tests to describe
only a portion of the physical properties sensed in our mouth while chewing [46].

An assessment of rheological properties, particularly in relation to the dysphagia
field, includes tests on the flowability or consistency of food. For these tests, a Bostwick
Consistometer can be applied to assess the slump of sauces and condiments using a volume
of 75 mL, which is released to flow along a channel. The distance traveled by the liquid
over 30 s is used to classify consistency [47]. An adaptation of slumping with a reference to
dysphagia drinks is called the line-spread test. The IDDSI flow test can be applied using a
standard 10 mL Luer slip tip syringe as the “funnel”. This test classifies consistency based
on the volume of the residual liquid in the syringe after a period of a 10 s flow. The resulting
levels are then defined as level 0 thin (0–1 mL liquid remaining), level 1 slightly-thick
(1–4 mL), level 2 mildly thick (4–8 mL) and level 3, moderately thick (8–10 mL) [48]. The
new International Dysphagia Diet Standardization Initiative (IDDSI) classification system
considers practical measurements for liquids that could be used in kitchens, bedsides and
in laboratories. In addition, devices capable of modeling human swallowing will provide
more accurate measurement information on shear rates during swallowing in dysphagic
patients. Clinicians can employ either manometry or video-fluoroscopy for this purpose.
With a manometry, a probe is inserted into the patient’s pharynx, which obstructs the
bolus flow and causes discomfort [49]. During video-fluoroscopic analyses, swallowing of
fluids is monitored by X-ray imaging and the entire swallowing process is recorded, which,
therefore, enables the examiner to follow the swallowing sequence frame by frame [50].

Studies about food texture rheological properties have been systematically conducted
since the early 1950s, while the rheological properties of several food types have been
studied, and are summarized in many publications, e.g., for roast turkey breast muscle [51];
Japanese sweets [52], the rheology of food dispersion [53]; and food rheology [54]. Many
variables can influence rheological properties, including ripeness, processing methods,
temperature, composition, time, instrumental techniques, and analytical assumptions
and methods), and modify the results obtained by one test [54]. However, not all tests
focus on solving the swallowing problem. Suebsaen et al. [55] prepared banana gels from
hydrocolloids for the elderly with dysphagia, modified texture and hardness, to obtain
a dessert. This product had different characteristics in instrumental rheology, texture
properties, and sensory attributes terms. To improve the swallowing ability of foodstuff,
different thickeners are added to normal food and drinks, which may be gum- or starch-
based [56].

Food technologists are interested in the mastication process, rheological changes,
and other textural properties that occur during this process [46]. For dysphagic patients,
sensory tasks that require motor behaviors of the tongue to explore, squeeze, or move a
bolus to ascertain its flow properties are challenging tasks related to eating and swallowing
foods. In addition to taste receptors in the mouth, trigeminal nerve receptors in the
mouth and tongue are capable of detecting both static and dynamic characteristics of items
placed in the mouth, such as shape, size, volume, mass, location, temperature, two-point
discrimination, and flow or movement [57]. It is, therefore, interesting to understand the
sensory function of the tongue for tasks that may be relevant for detecting differences in
the flow characteristics of swallowing.

Most of the available information on rheological properties of ready-to-eat dysphagia-
oriented products only focuses on viscosity [10]. However, new tests on hardness will be
necessary to reveal the effect of elastic modulus on the swallowing ability of solid foods for
dysphagia [29].

Several aspects could be considered in the foods for dysphagic patients: the positive
effect of dysphagia-oriented products on the quality of life of dysphagic patients; improve
their nutritional status and prevent more weight loss. Designing standardized diets for
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each type of dysphagia is proposed as a desirable approach in rheological studies that are
related to the management of dysphagia [29].

2.1. Gels: Rheological Characterization

Some of the most popular foods, such as gelatin desserts, cooked egg whites, frank-
furters, surimi-based seafood analogs, and fruit jellies, can be considered gels. In short,
they are solid-in-liquid, and the solid phase immobilizes to the liquid phase [54].

Rheological properties can be measured by (a) puncture test, which is one of the
simplest methods to obtain a stress strain curve, and is widely used in both solid and
semisolid foods; (b) the torsion test, a method that applies shear stress to samples in a
twisting fashion; (c) the folding test, which can be used to measure the binding structure of
gels, especially surimi gels, and can be interpreted in cohesiveness terms; (d) the oscillatory
test, dynamic rheological testing that evaluates the properties of gel systems, which are
suitable for testing the characteristics of gels, gelation, and melting; (e) the stress relaxation
test, namely rapid deformation applied to food samples [54]. It can be done while under
compression, extension, or shear; (f) yield stress, used for predicting how products respond
to processing and/or how they endure performance; (g) rheological characterization of
time-dependent fluids, it analyzes the flow behavior (or viscosity) of liquid and semi-liquid
food. It is an intrinsic parameter and a measure of fluids’ resistance to flow when shearing
stress is applied [54].

2.2. Emulsions: Rheology of Food Emulsions

Emulsions are dispersions of one liquid phase in the form of fine droplets in another
immiscible liquid phase. The immiscible phases are usually oil and water, so emulsions
can be broadly classified as oil in water or water in oil emulsions, depending on the
dispersed phase (mild cream, ice cream, butter, margarine, salad dressing, and meat
emulsions) [58], although the rheology of food emulsions is mainly dependent on the
strength of inter-droplet interactions and dilute emulsions (that is, milk) have a low-
viscosity Newtonian behavior. Nevertheless, concentrated food emulsions show gel-like
rheological characteristics [59].

2.3. Rheological Measurements: Equipment

The rheometer, or viscometer, measures resistance to flow when a known force or
stress is produced by a known amount of flow, and is crucial equipment in food rheological
studies. Such equipment can be capillary viscometers, falling-ball viscometers, and rota-
tional and oscillatory rheometers, which are used to take rheological measurements [54].
Tests must be carried out under certain conditions for samples, such as steady flow, laminar
flow, and uniform temperature [60]. Figure 2 shows the different tests used in rheology.

94



Int. J. Environ. Res. Public Health 2021, 18, 5125

Figure 2. Rheological tests used in food characterization [54].

These rheological measurements use experimentation with and observation of sam-
pled food to compare data, whose main goals are to analyze materials’ mechanical prop-
erties and identify molecular interactions and foodstuff composition [61]. Nevertheless,
these results should be tested with people. Currently, there are two method groups for
rheological studies [29], and both are based on measuring force and deformation according
to time:

- Empirical: instrumental-dependent and specified to test a hypothesis;
- Fundamental tests: based on known concepts and equations of physics and funda-

mental rheology. The European Society for Swallowing Disorders (ESSD) stressed in
its published White Paper the importance of rheological parameters, such as shear
rate, non-Newtonian fluids properties, yield stress, elasticity, and density [50].

Lack of oral cavity control, poor bolus preparation, or a delayed swallowing response
are some reasons for using thicker food and drink for dysphagic patients because thickened
foods change the speed at which they are transported through the throat, which is related
to delayed swallowing response and, therefore, reduces the aspiration risk [62]. Thickeners,
which are typically gum- or starch-based, are added to food to slow down the flow of
the bolus. Thickened liquids are highly recommended for dysphagic patients as slowing
down the flow rate can provide the time required to close airways [63]. However, exces-
sively thickened food may require much more force on the tongue and pharynx during
swallowing [63].

Moreover, we should take into account the texture profile panel, which is a valuable
tool for describing and quantifying textural characteristics of food products when the panel
is carefully selected, trained, and maintained [64]. Nor should we forget the application
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from trained panelists or consumer panels in these tests. Thus Saldaña et al. [65] obtained
suitable results when sensory hardness correlated positively with instrumental springiness
in light mortadella analyses. Other authors, such as Yates [66], performed a descriptive
analysis of Gouda cheese texture by a sensory panel and Barden et al. [67] did so on
cheddar cheese.

3. The Effects of Processing Methods and Ingredients on Food Texture

The structure of modified foods depends very much on the ingredients making it up,
and also on the processes involved in their development [68]. Based on these premises,
it should be noted that the main building blocks for developing most TM food items are
carbohydrates, lipids, and proteins [69]

When heated, globular proteins unfold and denature, which increases liquid viscosity
(e.g., in protein drinks). They can self-assemble as nano-sized aggregates and fibrils upon
additional heating, and eventually become the network chains of gels [70]. Proteins are
appreciated not only for these structural applications, but also for certain essential amino
acids (e.g., leucine), whose high hydrolysate content tends to facilitate muscle protein
synthesis during aging [71].

Polysaccharides have been used as gelling agents to thicken aqueous food disper-
sions, and to stabilize emulsions and foams [72]. Nishinari et al. [73] offer an exceptional
overview of the rheological properties of polysaccharide solutions and gels associated with
tasting and swallowing of TM foods. Dextrins include viscous clear solutions that are
often employed as thickening agents and encapsulating matrices for nutrients, colorants,
flavors, enzymes, and antioxidants, along with starch and gum [74]. Dietary fiber, such
as cellulose derivatives (e.g., microcrystalline cellulose), or resistant starch, which may
alleviate constipation, can be added directly to food [75]. Although typically used to
thicken liquids, starch has been underexploited as a texture-modifier in the pastes and gels
utilized as TM food [76]. As starch granules accumulate large quantities of water during
gelatinization, they can be preloaded during this process with water-soluble micronutri-
ents and bioactives [77]. Starch can also be partially gelatinized so that various glycemic
responses are elicited [78].

Given their amphiphilic nature, phospholipids and monoglycerides can be used as
emulsifiers in interfaces or self-associated with a plurality of nano-sized structures (e.g.,
vesicles and micelles) as bioactive and nutrient delivery vehicles. Triacylglycerol molecules
crystallize from a molten state and cluster to form aggregates and, ultimately, a fat network
to occlude parts of liquid fat, which ends in a plastic matrix [79]. Food nano- and micro-
emulsion, a topic reviewed recently by McClements [80], can be used to encapsulate and
deliver hydrophobic components, such as nutraceuticals, vitamins, and flavors. Oleogels,
formed by a liquid lipid process trapped inside a stable gel network, are involved in drug
delivery applications as carriers of unsaturated fats and increase food texture [81].

In order to develop TM foods, with a view to retain the overall flavor and appearance
of whole pieces while softening their structure, several known technologies achieve this
texture-softening effect: freeze-thawing (with/without enzyme infusion), enzyme impreg-
nation, high-pressure processing, pulsed electric fields, and sonication [6]. The regular
supervision of process variables maintains the color and flavor of food products, while
adjusting their soft texture to various degrees.

Many technologies contribute to small particles and may have applications in TM
foods. The food industry has long since been aware of the aggregation and microparticula-
tion of proteins and products employed as thickening agents and fat replacers for beverages
and semisolid food [82]. Technologies focus primarily on globular proteins’ capacity to
undergo denaturation and aggregation in solution, which results in several morphologies
(e.g., spherical particles, fibrils, and flexible strands), whose main dimensions range from
approximately 10 nm to a few microns [83].

The aim of another group of techniques is developing fibers and soft particles from
biopolymer solutions. Microgels are small soft and stable particles (e.g., sizes from
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<1–100 mm) and come with a wide variety of shapes, sizes, and textural properties that can
be tuned to structures [84]. Microgel formation is often performed by direct gelling, often
under shear, in a particle or fiber shape, or by reducing bulk gel size by mechanical means.
Microgel suspension is typically free-flowing as opposed to bulk gels with prevailing
viscoelastic behavior [85].

Apart from their function as texture modifiers, microgels have been proposed as
delivery vehicles for non-polar compounds, such as vitamins, flavors antimicrobials and
antioxidants, which can be spread in tiny micelles or more functional liposomes (20 nm
and a few hundred mm) in the aqueous phase [86]. Given their soft texture and flowability,
micron-sized hydrocolloid gel particles with their high water content (e.g., >95%) are very
appealing to be employed as structuring agents to consolidate dispersed phases, and also
as soup and sauce thickeners. These hydrocolloid microparticles are generally formed by
shear gelling or preformed droplet gelation [87]. A recent study showed that a combination
of 0.5% Alcalase, and two-step heating at 37 ◦C and 90 ◦C was useful for improving the
physico-functional properties of a novel surimi gel for people with dysphagia [88].

Some innovative micro-technology techniques have recently emerged and may lead
to revolutionary TM food design and manufacturing applications [89–99]. In channels with
cross-sections of a few hundred microns, microfluidic systems handle minute quantities of
fluids. Systems have been developed to produce foams and emulsions of identical size and
different shapes with a monodispersed discontinuous phase and gel microspheres [92]. 3D
printing is a rapid prototyping technique based on digitally-controlled material depositing
and layer-by-layer stacking. From “printable” mixtures of carbohydrates it is possible to
obtain lipids and proteins, and complex food structures based on liquid deposition or pow-
der binding. According to Kouzani et al. [100], 3D printing reduced design, and fabrication
time, improved the consistency and repeatability of 3D printed tuna fish (consisting of
tuna, puréed pumpkin, and puréed beetroot), and optimized sensory characteristics of this
puréed food for dysphagic patients. Electrospinning employs a high-voltage electrical field
to create biopolymer solution electrically-charged jets that become nanofibers upon solvent
evaporation. During the encapsulation of bioactives and probiotics, electrospun protein
fibers (e.g., <1 µm in diameter) are used as dietary supplements, and also confer food
mouthfeel and texture. The nanofibers employed to encapsulate bioactives or as entangled
mats to simulate meat are suggested electrospinning technology applications to manufac-
ture TM food [96–98]. Electro-spraying is another electrohydrodynamic manufacturing
technique whereby near-spherical droplets are produced from a jet flowing through a noz-
zle submitted to an external electrical field that yields micro- or nanoparticles upon solvent
evaporation. Microencapsulation matrices used to protect biologically active compounds
is a suggested use for electro-spraying technology in TM food manufacturing [99].

The relevant role thickeners play in TM food while swallowing, slowing down the
flow of liquids and stopping them from being aspired via the airway is highlighted [4].
Currently, starch and gums are the most popular commercial choices. Thus increasing the
availability of thickeners to be employed in TM food and extending their properties can be
challenging [29].

Gel microparticles are excellent alternatives to tailor food rheological properties thanks
to their small tunable size, soft texture and free-flowing state [101]. To be able to change
their texture perception and flow behavior, they can be blended into thin liquids or incor-
porated into purées. They evoke a stronger aroma during mouth breakdown if filled with
flavors and supplied with a thin delicate texture [102]. Artificial caviars introduced by
molecular cuisine proved to be the most innovative use of soft gel particles. Tiny spheres
with a soft core and a tough outer layer were formed by dipping droplets in a calcium bath
of colored and flavored alginate solutions [103]. Artificial caviars are now often featured in
main dishes, desserts, drinks, etc., and are offered in contemporary restaurants [104,105].
Using tiny “gelatinous” beads and other light-molecular cooking creations (i.e., foam or
“air”) has been proposed to inspire the elderly to produce attractive TM foods [106].
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Recently, the extensive literature on gel microparticles essentially endorses employing
them as encapsulating agents and delivery systems rather than applying them to alter
texture or to act as major nutritional functions [107,108]. For example, by adding protein
microparticles, the texture control of matrices can be achieved [109] and elderly people are
likely to try protein-enriched foods if they need a higher protein intake [110]. Conversely,
by introducing a dispersed gas phase into bubble form, softness and density can be
adjusted [111], which provides the added beneficial effect of a higher perceived intensity
of tastants in the gel phase [112]. Insoluble fiber can be filled with gelled microparticles to
increase fecal bulk and to prevent constipation, while partially masking the insipid fiber
flavor and its rough texture [75,113]. Lastly, emulsion gels are food items in which lipid
droplets are enclosed inside a soft biopolymer matrix (e.g., sauces, yogurt, frankfurters,
etc.). Gelled emulsion microparticles are small biphasic structures in which a lipid phase
offers many opportunities [114]. The incorporation of whey protein isolate (WPI)-based
gelled microspheres loaded with lipids into food bars, soups, and other food systems has
been suggested by Egan et al. [115]. These microparticles can also be employed as delivery
systems for bioactive lipophilic ingredients (fatty acidω-3, phytosterols, carotenoids, etc.),
tastants, and fat-soluble aromas [116]. WPI microgels can lower the plasma insulin peak
and postpone the postprandial amino acid profile in relation to protein powder in the
interface with drugs [117].

4. Modifying Texture for Dysphagic Patients

Food contains several phases and hierarchical structures that vary from nanoscopic to
microscopic length scales [118]. The configurations offer some features like texture control
and nutritional value, or support for processing and shelf-life stability [101]. Texture
control and alteration are common ways to control dysphagia. Modified diets are believed
to minimize the risk of choking and the need for chewing or oral food processing [119].
Eating thickened fluids is indicated to help safe swallowing as the act of swallowing is
delayed and the transit time of food with an altered consistency in modified foods is
typically longer than for non-modified foods. This gives the glottis more time to close and
avoids food or fluid aspiration to the lungs of dysphagic patients [120].

Food texture can be modulated and altered to meet consumers’ nutritional demands.
Texture modification and thickening of fluids are normal features of dysphagia evaluation
and therapy [121]. TM foods can be defined based on many variables, such as viscosity,
density, and fluid flow rate. However, using viscosity to describe thickened beverages for
dysphagia management has been questioned as no viscosity measurements are available
for most clinicians and caregivers [122].

When designing healthy foods for the elderly, significant factors need to be addressed.
TM foods prescribed for seniors’ dysphagia management and dietary intake should be
soft, moist, smooth, elastic, and simple to swallow [5]. One important key for designing
texture and bolus rheology is understanding dynamic food structure changes during
oral processing. This rheological state should allow the more cohesively mass flow of
bolus throughout the pharyngeal phase to help to improve easy swallowing in dysphagic
patients [10].

The IDDSI framework provides standardized terms and descriptions to classify TM
food and thickened liquids for dysphagia patients [122]. The IDDSI framework consists in
a continuum of eight levels (0–7), as shown in Figure 3. In addition, the syringe flow test
classifies IDDSI levels from 0 to 3 based on the flow rate, while a fork pressure test is best
used to assess the foods of levels 4 to 7 [5].
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Figure 3. The IDDSI Framework for the TM food and thickened liquids used with dysphagic individ-
uals from all age groups, in all healthcare facilities and of all cultures [122]. Note. 0: thin; 1: slightly
thick; 2: slightly thick; 3: liquidized/moderately thick; 4: puréed/extremely thick; 5: minced and
moist; 6: soft and bite-sized; 7: easy to chew/regular.

It is worth noting that foods classified as levels 4 to 7 are texture-modified foods for
dysphagic patients [5]. Sungsinchai et al. [5] described the various levels as follows: puréed
foods at level 4 do not require chewing, and include products like potato purée, carrot
purée, and avocado purée; level 5 (minced and moist) represents soft and moist food with
no separate thin liquid; small lumps (of 2–4 mm in size) may be visible in food and minimal
chewing is required. Level 5 foodstuff includes items like minced meat and fish, mashed
fruit, fully softened cereal, and rice (not sticky or glutinous); level 6 (soft and bite-sized)
food that can be mashed and broken down by applying pressure with forks, spoons, or
chopsticks that are soft, tender, and moist throughout, but with no separate thin liquid.
Chewing is required for this food class, which include cooked tender meat, cooked fish,
and steamed or boiled vegetables. Level 7 is regular food with various textures (that can be
hard, crunchy and naturally soft).

An example of the TM foods defined in the IDDSI framework is puréed food at the
fourth level of the IDDSI framework. Puréed foods are typically ground and/or mixed in
a form that involves less chewing and oral manipulation. A cohesive swallowable mass,
referred to as ‘bolus,’ is formed that is easy to push with the tongue to the pharynx [123],
which can make swallowing simpler and avoid bolus regurgitation, which causes dyspha-
gia aspiration. Other examples of dysphagia-specific standardized scales when considering
TM foods for dysphagia include the Penetration-Aspiration Scale [124] SWAL-QOL and
SWAL-CARE [125], the Dysphagia Outcome Severity Scale [126], and the Functional Oral
Intake Scale [127].

Using thickeners to improve bolus viscosity in post-stroke oral dysphagia has been
proposed as a countervailing clinical technique against aspiration. Nonetheless, this
strategy has been questioned because the number of experiments is limited and method-
ologies vary [128]. One experiment has indicated improved safe swallowing when patients
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received altered starch and xanthan gum thickeners with ‘spoon-thick’ viscosity. The thera-
peutic effect of these thickeners was due to a counterbalancing process that brought about
no major change in swallow reaction timing [129]. Another research study revealed that
enhanced bolus viscosity promotes safe swallowing and lowers mid-term pneumonia in
patients with oral dysphagia [130]. Some studies have demonstrated that elevated viscosity
impairs swallowing effectiveness in oral dysphagia by increasing oropharyngeal residue.
Other studies argue that the effect of thickeners on swallow reaction physiology is still not
fully understood [129]. Analyzing the effect of augmented bolus viscosity on swallowing
safety in patients with dysphagia poses a research challenge. However, novel naturally
sourced thickeners from food biopolymers are drawing significant attention and enable
on-demand dysphagia management, where fluidal food must be adequately thickened for
patients. A recent study investigated the rheological behaviors of a novel thickener with a
carboxymethylated curdlan potential for dysphagia, which was a traditional food thickener
of konjac glucomannan and its mixtures in both water and model nutrition emulsions.
It reported both the efficacy and applicability of these thickened fluids and compared
them to those of xanthan gum, taken as the reference. It showed that carboxymethylated
curdlan, which is similar to xanthan, displayed a unique viscosity-enhancing ability in
both water and emulsions, and proved promising feasible as a novel dysphagia-oriented
thickener [131]. Furthermore, the modification of viscosity with thickeners was used as a
strategy to circumvent oropharyngeal dysphagia patients’ swallowing problems. Generally,
the formulations of commercial food products with thickening properties often contain
xanthan and starch. However, flaxseed gum was found to improve rheological behavior
in liquid foods and can be considered a potential thickener with additional health ben-
efits [132]. These results offer the opportunity to tailor the rheological characteristics of
food systems by adding and combining natural ingredients to improve technological and
nutritional properties.

Hydrocolloids are often used by the food industry to enhance consistency and cohe-
siveness, and to reduce TM foods syneresis. Enhanced food consistency and cohesiveness
make it safe to swallow [133]. Although all hydrocolloids can be used as thickeners, they
are not all capable of forming a cross-linked gel network to be employed to confer modified
food solidity. Food mixture thickening that involves hydrocolloids is mainly the result
of polymer chains that entangle while their concentration rises. Entanglements in dilute
systems are less common, and polymer chains are free to move and viscosity is minimum.
After eating thickened food mixtures, saliva dilutes and breaks, which leads to substan-
tially reduced viscosity. Lower viscosity is a problem, particularly when starch-based
thickeners are used because saliva contains α-amylase that breaks down amylopectin and
amylose [134]. Non-starch gums can be employed to reduce this, even though they do
not completely remove undesirable viscosity declination. When non-starch biopolymer
gums are resorted to as thickeners, non-specific entanglement can come into play which,
above a given concentration, can increase stickiness, which impairs the ability to swallow.
Hydrocolloids in TM food have been reported to have an effect on particle breakdown,
microstructure, deformation force during mastication, mouth coating, and bolus lubri-
cation [133]. These properties have an implication for oral processing and sensory food
perception. Thickened liquids have also been reported to be considerably less palatable
than their non-thick counterparts [135]. It is also necessary to produce new thickening
agents that are well-defined in terms of sensory properties, and can be employed to enhance
swallowing while preserving palatability. This will include a plan to control dysphagia
in order to avoid the detrimental effects of decreased palatability and increasing residual
viscosity when complying with therapy. In order to increase palatability, TM foods need
to be homogeneous in appearance, and particular attention must be paid to their flavor
and odor. Adapting the sensory characteristics of dishes to dysphagia in association with
cerebral palsy was possible by the check all-that-apply (CATA) method [136]. CATA is
faster, more economical, and does not require trained judges. It is sufficiently robust to
obtain the profile of a wide range of food products to be developed.

100



Int. J. Environ. Res. Public Health 2021, 18, 5125

When modifying texture for dysphagic patients, the influence of two natural different
hydrocolloids (apple and citrus pectin) on physical, rheological, and textural parameters,
bioactive compounds, and antioxidant activity of courgette (Cucurbita pepo) purée was
studied. Pectin was added within the 0.1–0.3% range to courgette purée and ohmically
heated at 20 V/cm for 3 min. Ohmic heating was utilized to improve and preserve the
main properties of purées. Antioxidant activity has also increased with ohmic heating,
up to 58% compared to the control sample [137]. The study shows the potential of this
treatment for ready-to-eat courgettes as food that can be developed for dysphagic patients.

It should be noted that although several hydrocolloids can be used, they have different
physicochemical properties, and even different behavior when preparation variables, such
as temperature, shearing, and pressure, are applied.

5. Developed Food Products for Dysphagic Patients

People usually eat raw or cooked foods, but swallowing is the key issue. It starts
during the mastication process in the mouth, and passes from oropharyngeal safe food
transfer to the esophagus to reach the stomach, where the gastro intestinal digestion process
starts to allow nutritional food use [138].

Processing food to increase ease of swallowing requires modifications to texture, and
also to physicochemical and rheological properties. For instance, plasma processing is
effective in improving the cooking properties of brown rice. Swelling of starch granules
due to water uptake not only cuts cooking time, but also softens the cooked rice texture
and makes it easier to chew. Bran layer fissure significantly improves water absorption and
reduces cooking time [5].

Calorie and nutrient requirements diets for dysphagic patients are similar to those
presented by persons of the same age and sex, unless co-existent diseases are present [139].
Just like all people, dysphagic patients require suitable food. As previously mentioned
in the introduction, this suitability is not only related to food texture, which needs to be
appropriate, but should also offer nutritional value and adequate palatability/acceptability
and, if at all possible, it must be visually appealing. Combining all of these characteristics
is truly challenging [140].

Thus, if we consider not only hospitalized patients, but also the number of older
people [141] living in institutionalized settings, and those with dysphagic problems, the
major role of food and pharmaceutical industries in developing TM foods is a welcoming
development [142,143] The main food texture characteristics that affect dysphagia manage-
ment can be classified as [138]: adhesiveness (effort made to overcome food adhering to the
palate), cohesiveness (if food is deformed or sheared when compressed), firmness (force
needed to compress semisolid food), “fracturability” (force required to break solid food),
hardness (force required to compress food to attain a certain deformation), springiness
(rate or degree that food goes back to its original shape after being compressed), viscosity
(rate of flow per unit of force) and yield stress (minimum shear stress applied before flow
begins) [134]. The recommended food texture of dysphagic diets must be, at least, smooth,
moist, soft and elastic if we contemplate that these attributes should combine TM food
rheological properties and patients’ difficulty swallowing [29,119].

The IDDSI framework shown in Figure 3 is a useful guide when a dysphagic patient’s
diet is considered. Variations based on individual circumstances may exist. The Functional
Diet Scale, in addition to this framework (IDDSI–FDS), permits levels 2–5 as being suitable
food and drinks for dysphagic patients. In a Canadian study with adults living in long-term
care institutions, IDDSI Functional Diet Scale scores were derived based on diet orders
and were compared between residents with and without dysphagia. The IDDSI–FDS for
residents with no dysphagia risk ranged from 4 to 8, which reflects the lack of severe
diet texture restrictions, while the probability of having an IDDSI–FDS score of <5 was
significantly higher in individuals at dysphagia risk [142]. When foods are prepared or
formulated for dysphagic patients, it is important for the bolus to be swallowed safely if it is
not chewed. Thus particle size and moisture content of food are key criteria, especially for
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minced and moist foods at level 5. Simple and inexpensive tests at home and in residential
care or nursing settings recommended by the IDDSI are: the spoon tilt test to ensure that
food is not too dry or sticky; the fork drip test to guarantee that the food is not too runny [9].
In many German nursing homes, minced and moist texture diets are available, which are
easy to produce because only a blender and no special knowledge are needed. In these
settings, the puréed texture is the most elaborate because they should be lump-free and
require special equipment (e.g., a bowl cutter) for several food types (e.g., meat) because of
natural fiber content [144].

In one intervention study conducted in a long-term care facility in Canada, the presen-
tation to dysphagic patients of developed foods based on texture and shape resulted in
increased body weight, and higher energy and nutrient intake, after 12 weeks in residents
receiving reshaped TM diets compared to a control group on unshaped TM diets. Another
study in the USA showed a 15% higher food intake after changing to the 3D preparation of
puréed foods [145]. This shows that reshaping food components enhances the visual appeal
of meals significantly and they are more likely to be eaten. Therefore, it is essential that
either liquid or solid food is modified for them to offer appropriate nutritional properties
to make swallowing easy for dysphagic patients. Different strategies have been applied to
achieve this goal. The main ones can be summarized by following thermal processing and
non-thermal technologies, and employing thickeners [139,146].

The simplest form of thermal processing is using hot water, which is known to be
effective in transforming hard food into soft food. It is also known that some nutrients
are especially heat-sensitive and using thermal processing leads to marked vitamin loss,
especially in food rich in these essential nutrients like fruit and vegetables [147]. It is
noteworthy that this thermal processing type is often used at home and in industry. To
solve this problem, food and pharmaceutical industries usually apply two strategies:
first, addition of the micronutrients lost from processing; second, using non-thermal
technologies. The most widespread thermal technologies applied to obtain TM food are
pulsed electric field, high-pressure processing, high hydrodynamic pressure, ultrasound,
and gamma-irradiation [5].

The above-mentioned non-thermal technologies can be applied to meat [148], fish, or
its by-products [11], rice [63], starch, and carbohydrate-based products [149], or fruit [150]
and vegetables [151]. The use of non-thermal technologies helps to maintain bioactive
compounds (especially heat-labile compounds) in food and, thus, promotes health benefits
for dysphagic patients. As dysphagic patients benefit from soft food that is safe for
swallowing, the characteristics and gel properties of starch play an important role in the
desired final product quality.

Irradiation can increase gelatinization temperature, water solubility, water absorption
capacity, and oil absorption capacity, but can lower peak, trough, final breakdown, and
setback viscosities in starch-based foods. Irradiation has been shown to induce the depoly-
merization and destruction of the crystalline structure of chickpea flour, which resulted in
gamma-irradiated flour being cooked more easily with less retrogradation [5].

The texture of solid food can be generally classified into four grades, as shown in
Figure 3. Nevertheless, if regular/unmodified everyday food is not considered, then only
three categories are useful for dysphagic patients: (i) “soft”—food is naturally soft (e.g.,
ripe banana) or cooked or cut to alter food texture; (ii) “minced and moist”—food easily
forms into bolus using only the tongue; (iii) “smooth puréed”—food is cohesive enough to
maintain its shape on a spoon, similar to the consistency of commercial puddings [152].

No international harmonized terminology is available for thickened liquids, although
four or five categories have been defined according to respective viscosity values [4].
However, if the so-called water-like viscosity (<50 cP) is excluded, in a very simplistic
form, and according to the “fork test” [63], it is possible to classify thickeners into three
texture grades: (i) “nectar”—can be drunk in a cup or with the help of a straw (51-350 cP);
(ii) “honey”—can be drunk in a cup, but not with a straw (351–1750 cP); (iii) “pudding”—
should be eaten with a spoon (>1750 cP). [4,139].
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Commercial TM food was developed to improve nutritional intervention in dysphagic
patients. To minimize the risk of aspiration and dehydration, ready-to-serve commer-
cially packaged pre-thickened (CPPT) and instant food thickeners (IFT) are used to modify
beverage consistency in dysphagia management [20]. The test of masticating and swal-
lowing solids (TOMASS), an international study that performs quantitative solid bolus
ingestion assessments [153], and in vitro testing, such as that performed by Mathieu and
co-workers [154] or by Qazi et al. [155], are relevant tools that contribute to assess that
these food types do not require further preparation by patients’ families and/or caregivers.

Thus, in commercial terms, food and pharmaceutical companies have made different
product types available on the market, which can be summarized as:

(i) Thickeners to be added to liquids and food—the main compounds used to obtain suit-
able rheological characteristics are gum-based thickeners and starch-based thickeners.
The most widespread are carrageenan (E407), modified corn (E1442), xanthan gum
(E415), guar gum (E412), and tara gum (E417). Other compounds include calcium
citrate (E333) and potassium chloride (E508), used as thickener additives [156–158];

(ii) Nutritional supplements with a pudding texture [159];
(iii) Lyophilized or dehydrated powdered products, and pasteurized or sterilized ready

to eat or to be reconstituted with both the desired texture, and savory and sweet
flavors as purées, or cereals, compotes, and puddings, to eat as breakfasts, snacks, and
desserts [139,160]. Examples of commercially developed food products for dysphagia
from starch and gum are Nutilis®(Nutricia, Milupa GmbH., Fulda, Germany) and
Resource®(Resource, Nestlé Portugal S.A., Linda-a-Velha, Portugal). Both products
are presented as white powder that easy to dissolve and can instantly thicken clear
liquids. Nutilis®is composed of maltodextrin, modified maize starch (E-1442), tara
gum, xanthan gum, and guar gum, while Resource®contains only modified maize
starch (E-1442). In both cases, the employed modified starch was hydroxypropyl
distarch phosphate [161].

The variety and supply of TM foods targeted at elderly consumers in Asian countries
is more promising. The market in Japan is steadily expanding; in South Korea, the market
value of the “senior-friendly” food industry in 2010 was around USD 4 million and growing
at a rate of 11% per year [6]. The guidelines for TM foods in Japan have been issued by
several initiatives, such as food for special dietary uses (FOSDU), the dysphagia diet 2013,
and “Smile-Care” foods [6]. Several companies have a special product line that consists
mainly in thickened beverages and purées for individuals with swallowing disorders. TM
foods offer food companies the opportunity to tailor-make products with soft textures
because the products for this market segment have been slow to appear in Europe [162].

Finally, diets should be as varied as possible, and ought to supply sufficient energy
and protein. In addition, dishes ought to be pleasantly presented to encourage whetting
people’s appetite. Servings should be small and frequent rather than a few copious meals a
day. For such purposes, molecular gastronomy [163] and 3D printing technology [100] have
been used to produce food from various raw material sources with a variety of textures to
enhance diet and to make them more palatable and esthetically appealing. In order to apply
3D printing to food, it is necessary for the food material to possess suitable rheological
characteristics to allow its extrusion and for it to be cohesive enough to maintain its shape.
However, further research into the application of selected non-thermal technologies as a
means to modify food texture for subsequent 3D printing will be worthwhile [5]. In the
future, it is envisaged that the food industry will advance toward convergence technology
by the utilization of digital solutions, such as machine learning to food systems, as shown
in the results of a recent study. This suggests a pioneering framework to identify the
rheological levels of foods for the elderly by combining experimental results with machine
learning technology in the food application domain [164].
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6. Conclusions

Food texture modifications are essential to suit the nutritional diets of dysphagic
patients. It is necessary to gain a better understanding of the complex factors that influence
the colloidal food matrix from a multidisciplinary perspective. Individual and household
food service operators, including nursing homes, need to acquire better knowledge about
food texture, nutrition, and sensory properties. The elderly and dysphagic patients require
a sourcing of special foods that are not only soft and easy and safe to swallow, but are
also nutritious and tasty. This is vital for them to achieve their nutritional needs. Current
food product development initiatives on the TM foods industrial scale also need to employ
novel technologies to ensure dysphagic patients’ access to appropriate TM food products.
Additional quality criteria and clinical guidelines that target dysphagic patients, and based
on the rheological parameters discussed in this review, need to be introduced by the food
industry, and healthcare and catering services. In the very near future, it is hoped that
more food processors will engage in the commercialization of cost-effective TM foods to
put innovative technologies in this field to the best possible use.
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Abstract: Green food consumption is a core issue that contributes to solving environmental pollution
and achieving sustainable development. This study aims to investigate the mediating role of green
food consumption and social trust in the relationship between perceived consumer effectiveness
and psychological wellbeing to provide new insights into green food consumption, based on social
ideal theory and social trust theory. Using a sample data of 514 consumers in China, the results of
structural equation modeling showed that perceived consumer effectiveness was positively related to
psychological wellbeing. Furthermore, green food consumption mediated the relationship between
perceived consumer effectiveness and psychological wellbeing. In addition, social trust moderated
the relationship between perceived consumer effectiveness and green food consumption. Social trust
also moderated the indirect effect of perceived consumer effectiveness on psychological wellbeing
through green food consumption. The findings of this study enrich the extant literature relating to
green food consumption and have practical implications for business managers and policymakers.

Keywords: perceived consumer effectiveness; green food consumption; social trust theory; social
ideal theory; psychological wellbeing; China

1. Introduction

Global warming and climate change have generated a tremendous challenge to our society in
the last decades [1]. The challenge of reducing environmental pollution and obtaining sustainable
development is an important issue for governments, organizations, researchers, and practitioners [2].
Green purchases and green food consumption are core issues that contribute to such a challenge [3].

Various studies have examined the issue of green purchases and green food consumption in the
current literature. For example, Mohd et al. [4] explored the factors and mechanisms that motivate
consumers to engage in green consumption behavior. He et al. [5] determined the relationship between
tourists’ perceptions and relational quality with their environmentally responsible behaviors. Li et al. [1]
investigated gender inequality that affects a household’s decision to adopt green consumption.
Zhang et al. [6] determined the impact of haze pollution on residents’ green consumption behavior.
Rustam et al. [3] examined the relationship between corporate environmental sustainability disclosure
and green consumption behavior with the moderating role of environmental awareness. Furthermore,
several studies have determined socioeconomic factors (e.g., gender, age, family size, and income) that
influence green food purchase behavior [1,4]. Prior studies have provided substantial evidence on the
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factors that influence green purchases and green food consumption. However, further research should
explore additional factors and mechanisms that affect green food consumption and their impact on
human physiological and psychological outcomes [3,4,7].

Social ideal theory believes that an individual expects an ideal society [8–10]. People who
expect an ideal society often think and act in ways that generate benefits and bring goodwill to
society [9]. For example, those people tend to engage in charitable donation and philanthropy
behavior [10]. Furthermore, perceived consumer effectiveness reflects an individual’s belief about his
or her ability to improve environmental and social problems [11]. This perception may affect consumers’
behavior toward green food consumption, which may influence their psychological outcomes [12,13].
For example, those who hold high perceptions of effectiveness tend to engage in recycling behavior
and purchase environmentally friendly products [11,12]. Unfortunately, how perceived consumer
effectiveness affects green food consumption and psychological outcomes has not been determined in
the current literature. Therefore, this study investigates the relationship between perceived consumer
effectiveness and psychological wellbeing with the mediating role of green food consumption, drawing
upon the theoretical foundation of social ideal theory.

In addition, social trust theory states that people who hold a high level of social trust tend
to be optimistic about the future and confident in society, and they tend to trust in others [14,15].
Consequently, social trust may play an important role in enhancing people’s perceptions of their
ability to solve environmental and social problems. Social trust may also influence people’s behavior
toward consuming green products [16,17]. Unfortunately, the role of social trust has been ignored
in the current literature. Thus, this study also investigates the moderating role of social trust in
the relationship between perceived consumer effectiveness and green food consumption. Moreover,
this study examines the moderating role of social trust in the indirect effect of perceived consumer
effectiveness on psychological wellbeing through green food consumption.

In sum, this study focusses on social ideal theory and social trust theory to investigate the
mediating role of green food consumption and the moderating role of social trust in the relationship
between perceived consumer effectiveness and psychological wellbeing. The objective is to provide
new insights into the antecedent and consequence of green food consumption.

The structure of this paper is organized as follows. Section 2 reviews the current literature and
develops hypotheses. Section 3 discusses the research design and sample procedure. Section 4 presents
the empirical results. Sections 5 and 6 provide discussions and implications.

2. Literature and Hypotheses

2.1. Perceived Consumer Effectiveness

Perceived consumer effectiveness is defined as an individual’s belief about his or her ability to
improve environmental and social problems [11]. Nevertheless, perceived consumer effectiveness
reflects an individual’s belief that their actions can make a difference in solving social and environmental
pollution [18]. People who hold high perceptions of effectiveness tend to believe that they can influence
and improve environmental and social problems. Hence, they tend to be highly confident and engage in
socially responsible behavior [19]. For example, Roberts [20] suggested that green consumption is often
associated with consumers’ perceptions of effectiveness. Webb et al. [21] and Cojuharenco et al. [22]
reported that perceived consumer effectiveness is an important predictor of socially responsible
behavior. Jaiswal and Kant [12] found that consumers who believe in their effectiveness tend to
hold high intention to purchase green products. He and Zhan [23] demonstrated that perceived
consumer effectiveness positively predicts consumers’ intention to adopt environmentally electric
vehicles. Wang and Chen [24] found that perceived effectiveness of fair trade consumers tends to hold
high intention to purchase fair trade products. Higueras-Castillo et al. [13] also reported that perceived
consumer effectiveness is an important predictor of consumers’ attitudes toward electromobility.
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In sum, prior studies have provided substantial evidence to explain the predictive ability of perceived
consumer effectiveness on socially responsible behavior.

2.2. Psychological Wellbeing

Wellbeing refers to a physical, mental, and psychological state in which individuals experience
a sense of happiness, satisfaction, and pleasure [25,26]. Research in the last decades focused on
psychological wellbeing. Three important scientific disciplines have been critical for the study of
psychological wellbeing: developmental psychology often studies the psychological wellbeing of
human life across different lifespans [25]. Personality psychology focuses on the relationship between
self-actualization, individuation, and maturity with psychological wellbeing [27]. Clinical psychology
emphasizes the association between mental illness and psychological wellbeing [28]. Moreover, several
researchers have identified social life satisfaction as a core indicator of psychological wellbeing [29].
Social life satisfaction is the way in which individuals present their emotions and feelings and
satisfaction with social relationships, goal achievement, self-concepts, and self-perceived ability to
cope with an individual’s daily life [30]. Several studies have reported important factors that affect
life satisfaction, including personality, self-esteem, age, experience, personal values, culture, family,
and career [25,29–31]. In this study, social life satisfaction is treated as a key factor that reflects the
psychological wellbeing of consumers [26,28,30].

2.3. Perceived Consumer Effectiveness and Psychological Wellbeing

Social ideal theory states that people tend to expect an ideal society in which they can enjoy
justice, goodwill, and wellbeing [8–10]. Social ideal theory provides directions and guidelines to
drive people’s attitudes and behavior toward positive activities that are beneficial to society [32].
People who hold high expectations about an ideal society often favor living in a harmonious and
peaceful environment. They tend to engage in activities that create a high value for the environment
and society [33]. Furthermore, those who hold the belief of an ideal society often show positive
emotions and feelings about the social world. They also are highly confident, enjoyable, and optimistic
about their lives because they are often motivated by hope and expectation about a better future [8].

From the logic of social ideal theory, consumers who hold high perceptions of their effectiveness
often believe that they can change the social world. That is, they are optimistic about their capability
to improve and solve environmental problems [10]. When consumers perceive their effectiveness
to improve environmental and social problems, they may actively engage in activities that generate
benefits for their society [12,23]. For example, consumers may believe that if they engage in recycling
activities, purchase environmentally friendly products, and reduce their consumption of electricity
and water, then they will contribute to solving environmental pollution [13]. Thus, these consumers
tend to be satisfied with their social life because they may believe that they create good things for
society. In other words, perceived consumer effectiveness enhances consumers’ positive emotions
and wellbeing because they are optimistic and believe that they can contribute to the goodwill of
their society. They have contributed to building an ideal society [9]. Thus, the following hypothesis
is proposed.

Hypothesis (H1): Perceived consumer effectiveness is positively related to psychological wellbeing.

2.4. Mediating Role of Green Food Consumption

Green consumption is a broad concept in the current literature. Van Raaij and Verhallen [34]
identified energy consumption behavior as the key activity of green consumption. Clark et al. [35]
suggested that consumers engaging in a green electricity program are considered a green consumption
behavior. Gilg et al. [36] defined green consumption as consumer purchasing products that have a
less negative impact on the environment. Hartmann and Apaolaze-Ibanez [37] stated that consumers’
intention to purchase green energy brands could also be viewed as green consumption. Guo et al. [38]
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explained residential electricity consumption as a major type of green consumption based on the
theory of planned behavior. In a broader concept, Mohd et al. [4] identified green consumption as an
entire process of selection, use, and disposal of resources that generate impacts on the environment
and society. Green food consumption is often viewed as a type of green consumption, which reflects
consumers’ purchase behavior toward green food products that are perceived as healthy, safe, and
environmentally friendly [39].

Social ideal theory can provide a solid theoretical foundation to explain the relationship between
perceived consumer effectiveness, green food consumption, and psychological wellbeing. According
to social ideal theory [8–10], consumers who hold high perceptions of effectiveness tend to engage
in activities that create values and benefits the society because they believe that their behavior will
contribute to building an ideal society [8]. With the idea of a better world, these consumers may invest
time, energy, and effort to address environmental and social issues. For example, consumers may
engage in donations to help other people. They also engage in green consumption behaviors, such as
purchasing environmentally friendly products [12], using electric vehicles [23], consuming organic
foods [39], and adopting electromobility to replace traditional polluted cars [13]. Furthermore, when
consumers engage in green consumption behavior, they likely obtain additional benefits from such
behavior. For example, the behavior of consumers purchasing and consuming organic and green foods
contributes to their health because these types of foods provide additional nutrition and are safe to
human health than traditional foods. Green food consumption also reduces the negative impact of
farming and processing on the environment [39]. Consequently, when consumers perceive that their
green food consumption contributes to the goodwill of human health, environment, and society, they
tend to feel happy and satisfied with their behavior and lives [40]. Therefore, perceived consumer
effectiveness will likely motivate consumers to engage in green food consumption, which in turn
increases consumers’ positive emotions and wellbeing toward their lives. The following hypothesis
is proposed.

Hypothesis (H2): Green food consumption positively mediates the relationship between perceived consumer
effectiveness and psychological wellbeing.

2.5. Moderating Role of Social Trust

Social trust theory states the tendency that people hold a positive belief about the social world.
These people tend to be optimistic and trust others in their society [14,15]. Social trust reflects an
individual’s general belief that people will avoid behaving in ways that disadvantage others and
take actions that benefit others [41]. Social trust may not be a stable trait, but it can be affected by
several factors from an individual’s internal and external environment, such as social interaction and
individual experiences [42]. Social trust is a broad concept that has not been defined in a consistent
way [43]. However, this study followed Day and Settersten Jr.’s [16] suggestions and focused on
several aspects of social trust, including confidence in society, optimism about the future, and general
trust in others. Furthermore, social trust theory states that beliefs about society shape and influence a
person’s view about the benevolence of other human beings [17]. People who hold different perceptions
of social trust tend to think and act differently [16]. For example, people with low social trust are
likely to be pessimistic, uncooperative, and egoistic. These people are less likely to help others [44].
By contrast, trusting people tend to be optimistic, cooperative, tolerant, and altruistic. They often
engage in activities that bring benefits and positive results for others [45].

According to social trust theory, the influence of perceived consumer effectiveness on green food
consumption may differ between people who trust and do not trust their society. Considering that
people who hold a high level of social trust tend to be optimistic and altruistic, they may believe that
they are useful, and their actions will bring benefits to the environment, society, and other people [46].
Hence, these people may actively engage in green food consumption because they believe that their
green food consumption will create additional values for society [4,47]. For example, when consumers
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trust their society and other people, consumers may think that if they purchase environmentally
friendly foods, then their purchase behavior will generate goodwill for the society. Consequently,
consumers may actively engage in such consumption activities [8,12,23]. By contrast, people who hold
a low level of social trust may be pessimistic and lack confidence. These people may believe that they
are not able to contribute to society. Hence, the lack of trust people may behave in egoistic manners
and even take actions that harm others and society [44,47]. In other words, when people hold a low
level of social trust, they do not believe in their ability to improve social and environmental issues.
They may not engage in green food consumption because they lack confidence and may perceive
green food consumption as unnecessary activities [47]. Therefore, the influence of perceived consumer
effectiveness on green food consumption will likely vary between people who hold a high level of
social trust as compared with those who hold a low level of social trust. The following hypothesis
is proposed.

Hypothesis (H3): Social trust moderates the relationship between perceived consumer effectiveness and green
food consumption such that the relationship is strong when social trust is high and vice versa.

This study proposed a research model, as shown in Figure 1. As stated above, green food
consumption is argued to have a mediating effect on the relationship between perceived consumer
effectiveness and psychological wellbeing. Moreover, social trust is hypothesized to moderate the
relationship between perceived consumer effectiveness and green food consumption. Thus, social
trust will moderate the indirect effect of perceived consumer effectiveness on psychological wellbeing
through green food consumption. The following hypothesis is proposed.
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Hypothesis (H4): Social trust moderates the indirect effect of perceived consumer effectiveness on psychological
wellbeing through green food consumption such that the indirect effect is strong when social trust is high and
weaker when social trust is low.

3. Methods

3.1. Measures of Variables

This study adopted measurement items of variables in prior studies. Perceived consumer
effectiveness was measured using four items from Straughan and Robert [48]. Green food consumption
was measured using four items from Mohd et al. [4]. These constructs were measured using a five-point
Likert scale from 1 (strongly disagree) to 5 (strongly agree). Moreover, social trust was measured
using two items from Day and Setterstern Jr. [16]. This construct was measured using a five-point
scale from 1 (never) to 5 (every day). Psychological wellbeing was measured using four items from
Diener et al. [49]. This construct was measured using a five-point Likert scale from 1 (strongly disagree)
to 5 (strongly agree). Table 1 shows the details of the items and variables.
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Table 1. Items and constructs of measures.

Construct Items Source

Perceived consumer
effectiveness

What I purchase as a consumer affects the nation’s environmental problem.
Each consumer’s behavior can affect how companies treat their employees.

Each consumer can have a positive effect on society by purchasing products sold by socially
responsible companies.

Given that one person cannot have any effect on pollution and natural resource problems, what I do
doesn’t make any difference (r).

[48]

Green food consumption

I always buy green food.
I always try to buy food with green labels.

I buy green food even at higher prices.
I recommend green food that I have consumed to my relatives and friends.

[4]

Social trust In the last month, how often did you feel that the way our society works makes sense to you.
In the last month, how often did you feel that our society is becoming a better place. [16]

Psychological wellbeing

In most ways, my social life is close to my ideal.
I am satisfied with my social life.

So far, I have the important things that I want in my social life.
If I could live my social life again, then I would change almost nothing.

[49]

3.2. Sample Procedure

This study used a questionnaire survey to collect data. We recruited professional translators to
translate the measures. A forward and backward language translation was conducted to ensure the
meaning of measurement items. Moreover, a pilot test was conducted at a large supermarket with
the participation of 30 consumers. The purpose of this pilot test is to modify and ensure the clarity
of the questionnaire. In the formal survey stage, we recruited a team to distribute questionnaires
at different physical stores in Shanghai city. We randomly selected 10 physical stores to collect the
sample data. The research team conveniently approached consumers and invited them to complete the
questionnaire. We adopted a systematic sampling technique in which one of the three consumers was
selected, considering that the list of consumers was not available. Consumers voluntarily participated
in the survey. The survey was conducted from October 2019 to January 2020. Among the 800
questionnaires distributed, 520 were returned, and 514 were valid, with a response rate of 64.25%.
Only six questionnaires were invalid and excluded from the final sample because of missing values.
Kline [50] noted that the sample size should comply with N:q rule (N is the number item of the
measurement scales, q is the number of cases). The ideal sample size should be 1:10 (1 measurement
item requires 10 cases). In this study, the total measurement is was 14; hence, the number of sample
sizes should be 140 cases. Thus, the sample size of 514 is considered adequate in this study.

3.3. Ethical Considerations

This study conducted a survey that involves human activity. Considering ethical standards,
this study was conducted with the approval of the Major Project of The National Social Science
Fund of China (20ZDA084). Consumers voluntarily participated in the survey and provided the
measures with an anonymous questionnaire. Therefore, this study ensured the privacy and security of
the respondents.

3.4. Analytical Methods

This study used SPSS statistical software (IBM, Armonk, NY, United States) to analyze the
descriptive statistics and reliability of the measures. Furthermore, partial least square structural
equation modeling (PLS-SEM) was adopted to perform the measurement model, which is used to
test the validity of the measures. In addition, PLS-SEM was used to test the hypotheses in this study.
Specifically, basic PLS-SEM was used to perform a confirmatory factor analysis (CFA). Based on the
results of this CFA, the values of composite reliability (CR), the average variance extracted (AVE), and
square roots of AVE were calculated to test the convergent and discriminant validity. Furthermore,
PLS-SEM with the maximum likelihood estimation method was used to test all hypotheses in a single
model. Structural equation modeling (SEM) is a combination of path and factor analyses. Several
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multiple regression analyses were combined into a single model so that the standard errors were
controlled in SEM. PLS-SEM has been widely used in business and management studies [50].

4. Results

4.1. Sample Characteristics and Descriptive Statistics

Table 2 presents the basic information and characteristics of the respondents in this study: (1)
most of the respondents were female (65.6%); (2) more than half of the respondents aged between 20
and under 30 (58.0%); (3) the majority of the respondents were not married (70.4%); (4) approximately
66.7% of the respondents had university education; (5) most of the respondents had monthly income
between 500 and under 1000 USD (67.7%).

Table 2. Sample characteristics (N = 514).

Variable Frequency Percentage

Gender
Male 177 34.4%

Female 337 65.6%

Age
Under 20 102 19.8%

20–under 30 298 58.0%
30–under 40 66 12.8%
41 and above 48 9.3%

Marital status
Married 150 29.2%

Not married 362 70.4%

Education
High school and below 153 29.8%

University 243 66.7%
Master and above 18 3.5%

Income
Under 500 USD 124 24.1%

500–under 1000 USD 348 67.7%
1000 USD or above 42 8.2%

Table 3 shows the descriptive statistics of all variables. Results show that perceived consumer
effectiveness was positively associated with green food consumption (r = 0.53, p < 0.01) and psychological
wellbeing (r = 0.41, p < 0.01). Furthermore, green food consumption was positively associated with
psychological wellbeing (r = 0.27, p < 0.01). In addition, social trust was positively associated with green
food consumption (r = 0.51, p < 0.01) and psychological wellbeing (r = 0.47, p < 0.01).

Table 3. Means, standard deviation, and Pearson correlation (N = 514).

Variable Means SD 1 2 3 4

Perceived consumer effectiveness 3.86 0.71 0.76
Green food consumption 3.74 0.74 0.53 ** 0.78

Social trust 3.69 0.83 0.48 ** 0.51 ** 0.85
Psychological wellbeing 3.59 0.78 0.41 ** 0.27 ** 0.47 ** 0.74

** p <0.01

4.2. Measurement Model

The results of the measurement model in this study indicate a good model fit of the hypothesized
model. Specifically, all goodness of fit index of the measurement model met the required threshold:
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χ2/d.f. = 2.93 which was less than 3; Comparative Fit Index - CFI = 0.94, Goodness-of-fit Index-GFI =

0.91, and Tucker Lewis Index - TLI = 0.92 which were all greater than 0.90; and Root Mean Square
Error of Approximation - RMSEA = 0.07 which was less than 0.08 [50].

This study used Cronbach’s alpha to measure reliability. Results in Table 4 show that Cronbach’s
alpha of all variables ranged from 0.77 to 0.90, which exceeded the cutoff value of 0.60 [51]. Thus, the
measures in this study show good reliability.

Table 4. Results of the measurement model (N = 514).

Variable Items Factor
Loadings CR Value AVE Value Cronbach’s α

Perceived consumer
effectiveness (PCE)

PCE1 0.65 ***

0.84 0.57 0.84
PCE2 0.80 ***
PCE3 0.77 ***
PCE4 0.80 ***

Green food consumption
(GFC)

GFC1 0.81 ***

0.86 0.61 0.90
GFC2 0.79 ***
GFC3 0.81 ***
GFC4 0.72 ***

Social trust (STR) STR1 0.85 ***
0.84 0.72 0.84STR2 0.85 ***

Psychological wellbeing
(PSW)

PSW1 0.62 ***

0.83 0.55 0.77
PSW2 0.63 ***
PSW3 0.83 ***
PSW4 0.85 ***

*** p <0.001.

Convergent validity was tested using CR and AVE in this study. Hair et al. [51] suggested that the
CR value must be greater than 0.70, and AVE values must be greater than 0.50. Results indicate that
CR and AVE values of all variables were all greater than the threshold value. Thus, the measures in
this study have good convergent reliability.

Discriminant validity was tested by comparing the square roots of AVE and Pearson correlations
of all variables. Hair et al. [51] suggested that square roots of AVE must be greater than all correlation
coefficients of all variables. Table 3 shows that the square roots of AVE were greater than all Pearson
correlation, thereby providing evidence for the good discriminant validity of the measures in this study.

4.3. Common Method Bias

Following Podsakoff et al. [52], this study conducted Harman’s one-factor test to detect the
problem of common method bias. Results of the unrotated solution of principle component analysis
show that four factors emerged with 64.24% of the variance, and the first factor accounted for only
17.02% of the variance. Furthermore, results of one-factor model of CFA indicate a poor model fit
(χ2/d.f. = 11.47, CFI = 0.76, GFI = 0.74, TLI = 0.734, and RMSEA = 0.14). Thus, the common method
bias may not seriously affect the results of hypothesis testing in this study.

4.4. Structural Model

This study used PLS-SEM to test the hypotheses. Results in Figure 2 show that perceived consumer
effectiveness was positively related to psychological wellbeing (β = 0.119, p <0.01), thereby supporting
Hypothesis (H1). Furthermore, perceived consumer effectiveness was positively related to green food
consumption (β = 0.532, p < 0.001) which in turn was positively related to psychological wellbeing
(β = 0.425, p < 0.001). We followed Preacher et al. [53] to conduct a bootstrap analysis with 1000
bootstrap samples to confirm this indirect effect. Results indicate that the indirect effect of perceived
consumer effectiveness on psychological wellbeing through green food consumption was statistically
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significant (perceived consumer effectiveness→ green food consumption→ psychological wellbeing:
β = 0.328, p < 0.01, 95% CI = [0.252, 0.419]). Thus, Hypothesis (H2) was supported. In addition, results
in Figure 2 show that the interaction effect between perceived consumer effectiveness and social trust
was positively related to green food consumption (β = 0.043, p < 0.05). Results in Figure 3 also indicate
that the influence of perceived consumer effectiveness on green food consumption was strong when
social trust was high and vice versa. In other words, the influence of perceived consumer effectiveness
on green food consumption varied among different levels of social trust. Thus, Hypothesis (H3)
was supported.
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This study followed Edward and Lambert’s [54] procedure to test the moderating effect of social
trust on the indirect effect of perceived consumer effectiveness on psychological wellbeing through
green food consumption. Table 5 shows that the indirect effect of perceived consumer effectiveness on
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psychological wellbeing through green food consumption varied among different groups of social
trust (4β = 0.058, p < 0.01). Thus, Hypothesis (H4) was supported.

Table 5. Moderating role of social trust (N = 514).

Moderator

Perceived Consumer Effectiveness (X)→ Green Food Consumption (M)→ Psychological
Wellbeing (Y)

Stage Effect

First
(PXM)

Second
(PMY)

Direct Effects
(PXY)

Indirect Effects
(PXMPMY)

Total Effects
(PXY + PXMPMY)

Low social trust 0.557 *** 0.391 *** 0.062 * 0.218 *** 0.280 **

High social trust 0.629 *** 0.438 ** 0.098 * 0.276 *** 0.374 **

Differences 0.072 *** 0.047 *** 0.036 0.058 ** 0.094 **

* p < 0.05, ** p < 0.01, *** p < 0.001; PXM: path from independent variable to mediator; PMY: path from mediator to
dependent variable; PXY: path from independent variable to dependent variable.

5. Discussion and Implications

This study aims to investigate the mediating role of green food consumption and social trust in
the relationship between perceived consumer effectiveness and psychological wellbeing. The results
provide important implications for researchers and managers.

5.1. Research Implications

First, this study argues for the direct influence of perceived consumer effectiveness on psychological
wellbeing based on social ideal theory. Findings indicate that consumers who hold perceptions of
effectiveness believe in their ability to solve social and environmental issues. Given this perception,
they tend to feel satisfied with their social life because they may believe that they can contribute
to the goodwill of their society [9]. The findings of this study provide new insights into the
relationship between perceived consumer effectiveness and psychological wellbeing. To our best
knowledge, this relationship has not been determined in prior literature. Thus, our study provides
new knowledge and advances our understanding of the impact of perceived consumer effectiveness
on psychological wellbeing.

Second, our findings demonstrate the mediating role of green food consumption in the relationship
between perceived consumer effectiveness and psychological wellbeing. That is, according to social
ideal theory, consumers who believe in their ability to change the social world tend to actively engage
in green food consumption because they believe that their green food consumption is good behavior
that contributes to building a better world [12]. Furthermore, green food consumption helps to protect
the environment, solves social issues, and creates values for society [23,39]. Hence, when consumers
contribute to bringing goodwill to society, they tend to feel satisfied with their social life [8]. Prior
studies often determined the antecedents of green food consumption. However, this study extends
social ideal theory and provides new evidence on the mediating mechanism of green food consumption
into the relationship between perceived consumer effectiveness and psychological wellbeing. The
findings of this study provide a theoretical foundation for researchers who may be interested in
studying the role of social ideal theory in green food consumption.

Third, this study found the moderating role of social trust in the relationship between perceived
consumer effectiveness and green food consumption. This finding indicates that consumers who trust
other people in their society often feel optimistic and also tend to engage in altruistic activities [14,15].
These consumers may often believe in their ability to improve social and environmental problems.
Consequently, they tend to engage in green food consumption behavior [4,47]. By contrast, consumers
who hold a low level of social trust tend to be pessimistic and even engage in egoistic behavior.
They are less likely to engage in green food consumption behavior due to the lack of confidence and
beliefs in others [44,47]. Thus, the findings of this study provide new evidence on the moderating
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mechanism of social trust. This important effect of social trust has not been investigated in prior
literature. Our findings help to extend social trust theory and clarify the role of social trust in green
food consumption research.

Last, the research model in this study is unique and deals with the relationship among variables
that have been greatly ignored in prior literature. The mediating mechanism of green food consumption
behavior in the relationship between perceived consumer effectiveness and psychological wellbeing
helps to advance our knowledge about the antecedent of green food consumption and the impact of
green food consumption on consumers’ psychological wellbeing. To our best knowledge, none of the
prior studies have determined the influence of green food consumption on consumers’ psychological
wellbeing. Furthermore, the moderating mechanism of social trust is unique in our research model.
Findings in this study clarify the role of social trust in enhancing consumers’ beliefs and behavior toward
their ability to improve social and environmental problems. Thus, the mediating and moderating
mechanisms in this study provide new insight into our knowledge and understanding of green food
consumption behavior in the current literature.

5.2. Practical Implications

Based on empirical findings, this study provides several suggestions for business managers
and policymakers. When consumers hold the belief that they can improve and change social and
environmental problems, they will actively engage in green food consumption behavior. Thus, business
managers should plan and implement marketing strategies to integrate green food consumption with
consumers’ perceptions of effectiveness. For example, marketing advertising may trigger consumers’
perceptions of environmental protection and combine this with their green food purchasing behavior
(e.g., combining organic food consumption with environmental protection and bridging green food
purchases with reducing pollution). Furthermore, policymakers should launch different strategies to
persuade consumers to engage in green food consumption. For example, government agencies may
use advertising to persuade consumers that if they purchase environmentally friendly food products,
then they will contribute greatly to the improvement of the environment and society. In addition,
policymakers should plan different strategies to enhance consumers’ trust in society because when
consumers trust their society, they will engage in positive activities that benefit the entire society.
The findings of this study also provide implications for individual consumers. Individuals should trust
our society and believe that each consumer can contribute to our society in solving environmental and
social issues. We can experience a happy life and create value for our entire society by engaging in
green food consumption.

6. Conclusions

To the best of the researchers’ knowledge, this study is the first attempt to examine a mediating and
moderating mechanism in the relationship between perceived consumer effectiveness and psychological
wellbeing. Empirical results reveal several fresh insights. Perceived consumer effectiveness has a
positive impact on psychological wellbeing. Green food consumption appears to have a mediating
effect on the relationship between perceived consumer effectiveness and psychological wellbeing.
Furthermore, social trust has a moderating effect on the relationship between perceived consumer
effectiveness and green food consumption. Notably, social trust also moderates the indirect effect of
perceived consumer effectiveness on psychological wellbeing through green food consumption.

Some limitations should be acknowledged and overcome in future research. For example,
cross-sectional data may affect the causal relationship among variables in this study. Hence, future
research should collect longitudinal data to validate such a relationship to overcome this limitation.
Furthermore, cross-sectional data may generate a common method bias that influences the results of
the hypothesis testing. We suggest that future research should obtain consumers’ contact and collect
data from them several times. In addition, this study analyzed data from consumers in China only,
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which may limit the generalizability of the results. Thus, future research should collect data from
consumers in different emerging markets (e.g., Southeast Asia, Russia, and Brazil).
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Abstract: This article presents the challenges facing reindeer herding as being both a profitable
business and part of the traditional culture of the nomadic Indigenous peoples in the Arctic zone of
Western Siberia which addresses substantial needs of the local population. Reindeer herding products
are used as traditional nutrition, and as effective preventive means and remedies for adapting to
the cold and geomagnetic activity in the High North. Export trends of traditional reindeer products
have decreased local Indigenous peoples’ access to venison and had a negative impact on their
health. Due to the COVID-19 pandemic, it is especially urgent for the Indigenous peoples to have
sufficient access to traditional food and be involved in policy decision-making to maintain this
traditional business. We aim to analyze the dependencies of Indigenous peoples on the reindeer
produce–exporting “food value chain” and explore how (1) the independence of reindeer herders
could be increased in these export chains and (2) how provision of their products to local communities
could be secured. The study takes a multidisciplinary approach based on policy and socioeconomic
analyses with input from medical research. Primary sources include data collected from interviews
and surveys of Indigenous peoples during expeditions to the Nyda settlement, the Nydinskaya
tundra, the Tazovsky settlement, the Tazovskaya tundra, the Nakhodka tundra, the Gyda and
Gydansky settlements, the Yavai-Salinskaya tundra, the Seyakha settlement, the Seyakhinskaya and
Tambeyskaya tundras located along the southern coast of the Ob Bay, the northeast coast of the
Yamal Peninsula, the Tazovsky and Gydansky Peninsulas, and the Shuryshkarsky district. Data were
collected during the summers and winters of 2014–2020.

Keywords: food sovereignty; reindeer herding; food value chain; Indigenous peoples; COVID-19
pandemic; the Arctic; Western Siberia; Yamal-Nenets Autonomous Okrug

1. Introduction

Reindeer herding is deeply rooted in the traditional food culture of the Indigenous peoples in the
Arctic zone of Western Siberia. Strengthening the position of reindeer herders in the food value chain
could contribute to securing healthy, accessible, and culturally appropriate food for local communities
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and reindeer herders, while promoting the desired lifestyle of the given group. Food security for this
group of Indigenous peoples cannot be addressed in isolation, but is linked to their economic security
and food sovereignty. Therefore, both physical and economic access to reindeer meat in sufficient
quantity is connected to their engagement in the export market and their participation in the food
value chain. However, due to export trends in reindeer products, the needs and position of Indigenous
peoples in the food value chain are jeopardized. Additionally, COVID-19 has brought yet other stressor
for this group. As a result, the question of food sovereignty has emerged in evaluating how these
people experience challenges to sovereignty over their own food system. Food sovereignty generally
refers to a situation where local and Indigenous peoples possess the necessary control over the whole
process of a food system. It is about “peoples’ right to define their own policies and strategies for the
sustainable production, distribution and consumption of food that guarantees the right to food for the
entire population, on the basis of small- and medium-sized production, respecting their own cultures
and the diversity of peasant, fishing and indigenous forms of agricultural production, marketing
and management of rural areas, in which women play a fundamental role” (World Forum on Food
Sovereignty, 2001) [1].

The Six Pillars of Food Sovereignty, developed by Nyéléni, 2007 (Food Secure Canada, 2012) [2],
places people’s need for food at the center of policy, and insists that food is more than just a commodity.
Policy should be in line with “supporting sustainable livelihoods”, “reducing the distance between
suppliers and consumers”, “placing control in the hands of local food suppliers”, “recognizing the
need to inhabit and share territories,” building commodity production on traditional knowledge”,
and “maximizing the contributions of ecosystems” [2]. It is also strongly linked to food security related
to food independence, the physical and economic accessibility of food, and the safety of available food
(Rome Declaration on World Food Security and the World Food Summit Action Plan, 1996; Declaration of
the World Summit on Food Security, 2009; Doctrine of Food Security of the Russian Federation, 2010).

The concept of food sovereignty challenges global food markets and empowers local actors [3].
It has special implications for Indigenous communities [4]. Taking the conditions of First Nation
Indigenous people as a comparative point of analysis, Desmarais and Wittman (2014) identify that
alarming problems of ill-health are closely related to food insecurity, which is in turn related to the
decline of traditional food systems [5]. Among the reasons for this decline, the most important are
disrupted access to land, traditional food, food trading and knowledge networks. Thus, traditional food,
health and culture are tightly interconnected. The British Columbia Working Group on Indigenous
Food Sovereignty defined the needs of Indigenous peoples to form sovereignty rights and the
power of each nation in identifying the characteristics of their culture, as well as ways to enable
Indigenous communities to “sustain traditional hunting, fishing, gathering, farming and distribution
practices” [5]. Among the principles of culture, the most important element is the sacred nature of
food: “Food sovereignty understands food as sacred, part of the web of relations with the natural
world that define culture and community” (People’s Food Policy Project, 2011) [6]. Thus, the sacred
nature of food implies that “it cannot be treated as a commodity, manipulated into junk foods or taken
from people’s mouths to feed animals or vehicles” [7]. In the traditional food systems of Indigenous
societies, reindeer form part of the culture and practices, with sacred and spiritual connotations [8].
The health of reindeer, nature and humans are tightly interrelated. So, a reindeer is utilized in a
holistic manner. In contrast, when reindeer become goods on the free market, they are turned into a
commodity, where utilization of body parts is compartmentalized.

Indigenous health and adaptation to the harsh conditions of the Arctic depend on the consumption
of traditional products (local fish, reindeer meat, reindeer liver and blood, and wild plants) [9]. Reindeer
meat has a specific health-promoting composition, and so is a necessary substance for maintaining a
healthy diet in circumpolar circumstances and for decreasing the risk of chronic diseases [10–14]. It is
the main tool for preventing cardiovascular and respiratory diseases, as well as metabolic disorders
for the Indigenous peoples [15]. Dietary changes result in the declining health of the Indigenous
population [16]. With the loss of traditional nutrition, hypertension, dyslipidemia, chronic bronchitis
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and obesity become even more prevalent problems among Indigenous peoples [17]. Maintenance
of a traditional diet is closely related to the maintenance of the traditional food system, which is
tightly interwoven with the culturally, socially and environmentally embedded practices of reindeer
herding. Indigenous peoples and their traditional food systems emerged in harmony with nature and
contain knowhow on the sustainable use of natural resources in ways that contribute to their health.
New stressors related to the incorporation of reindeer exports in global markets force adjustments to the
demands and infrastructure of markets. This implies the danger of new threats to the continued practice
of environmentally, socially and economically sustainable Indigenous reindeer herding practices [12,18].

In meeting the nutritional needs of the Indigenous peoples in the Russian Arctic, it is vital that a major
source of nutrition such as reindeer meat, which is readily available in the community, is well supported
by all stakeholders. Reindeer meat offers a rich source of protein, minerals, and essential fatty acids, and is
culturally acceptable in these Arctic communities [3]. Reindeer have contributed to the standard of living
in these communities and served as a source of income from the sale of reindeer products (skin, meat,
bones, velvet antlers, blood, etc.) which contribute to the value chain. The marketing of these products
helps to create jobs and improve purchasing power for the suppliers, which makes other food products
affordable. Food sovereignty emphasizes the promotion of small- and medium-sized production with
particular respect for Indigenous cultures and traditional forms of agricultural production, management
of land use and marketing [19]. The successful entrepreneurship of value addition in enhancing food
sovereignty amongst the Indigenous peoples in the Russian Arctic zone of Western Siberia depends
on collaboration amongst stakeholders. Recent trends of integration of reindeer herding producers
from Western Siberia into global value chains have complemented national and Indigenous economies.
However, increased exports from the area adversely impact the meat available locally and undermines
the health of the Indigenous peoples and local communities. Challenges faced by most reindeer herders
during the COVID-19 pandemic have accentuated these vulnerabilities.

In this study, we focus on integrating the different aspects of the reindeer food value chain in a
multi-disciplinary approach to strengthen the food sovereignty of the Indigenous peoples in the Arctic
zone of Western Siberia, and reflect on the main challenges of the COVID-19 pandemic.

2. Materials and Methods

2.1. Setting: The Yamal-Nenets Autonomous Okrug (YNAO): Geographic, Population and Ethnic Structure

YNAO, the geographic focus of our research, is an important region for the Indigenous peoples
of Russia and is located in the circumpolar northwest of West Siberia (Figure 1). It has a population
of 544,008 people [20] living in an area of 769,250 square kilometers [21]. The population density
is 0.71 people per square kilometer. The location of YNAO significantly impacts the traditional
occupations in this region (reindeer herding, hunting, fishery, etc.) as more than half of its territory is
located beyond the Arctic Circle. It is a unique territory because almost half of the minority Indigenous
population of the Russian Arctic (about 45,000 people) resides there, including the Nenets, the Khanty,
the Selkups and the Komi-Zyryans [22]. Nearly half of the Indigenous residents are still nomadic.
The culture, health and social well-being of Indigenous peoples are strongly linked to a traditional
lifestyle that is the basis for meeting their vital needs and helping them survive in the severe Arctic areas.

2.2. Study Design

In this paper, we present the results of a quantitative and qualitative analysis of food sovereignty
in reindeer herding communities living and practicing nomadism in the remote territories of the
Yamal-Nenets Autonomous Okrug. We aimed to analyze the dependencies of Indigenous peoples on
the reindeer produce exporting “food value chain” and to explore how the independence of reindeer
herders could be increased in these export chains and how the provision of their products to local
communities could be secured, while also addressing the challenges posed by the COVID-19 pandemic.
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Figure 1. The territory of the Yamal-Nenets Autonomous Okrug.

2.3. Measurement Tools and Methodology

This study takes a multidisciplinary approach based on policy and socioeconomic analyses
with input from medical research. The primary sources include data collected from interviews and
surveys of Indigenous peoples during expeditions to the Nyda settlement, the Nydinskaya tundra,
the Tazovsky settlement, the Tazovskaya tundra, the Nakhodka tundra, the Gyda and Gydansky
settlements, the Yavai-Salinskaya tundra, the Seyakha settlement, the Seyakhinskaya and Tambeyskaya
tundras located along the southern coast of the Ob Bay, the northeast coast of the Yamal Peninsula,
the Tazovsky and Gydansky Peninsulas, and the Shuryshkarsky district. Data were collected in the
summers and winters of 2014–2020. Fieldwork was conducted by researchers of the YNAO Arctic
Scientific Research Centre, the National Medical Research Center for Rehabilitation and Balneology,

128



Int. J. Environ. Res. Public Health 2020, 17, 7570

the Northern Arctic Federal University and the Association of Reindeer Herders in YNAO (two of
the researchers were Indigenous). Secondary sources used in the study consist of official information
requested from local authorities, public statistical data and official government reports.

The methodology of the study is based on FAO’s (Food and Agriculture Organization of the
United Nations) sustainable food value chain (FVC) framework. The core FVC comprises the value
chain actors who produce or procure products from the upstream level, add value to these products
and then sell them on to the next level. These actors carry out four functions: production, aggregation,
processing, and distribution (wholesale and retail). FVC actors are linked to each other and their wider
operating environment through a governance structure [23]. Following this approach, we presented
the food value chain as a network of stakeholders that includes those involved in reindeer herding
husbandry (producers), people responsible for purchasing, storage, sanitary control and transportation
of raw reindeer products to producers (brokers), processing (processors), and exporting, distributing
and selling reindeer herding products (distributors) to consumers who shop for and consume this food.
Also included as stakeholders are government, non-governmental organizations (NGOs), and regulators
that monitor and regulate the entire reindeer food value chain from producers to consumers.

While collecting the information from local authorities, public statistical data and official
government reports, we implemented quantitative methods of analysis to collect data on the number
of different producers of reindeer products, the scale of reindeer livestock, and the results of slaughter
campaigns and sale to local communities as well as national and international markets.

The data received from the semi-structured interviews showed the ways reindeer products are
utilized and revealed the key issues of individual reindeer herders as stakeholders in the FVC, as well
as the challenges raised by the COVID-19 pandemic.

Statistical analyses were performed using Microsoft Excel 2016 and SPSS Statistics 23.0
(IBM, Saint Petersburg, Russia). Significant differences were defined at a p-value <0.05.

2.4. Study Population

The participants in the study were asked to fill out the questionnaire and interviewed while
undergoing a medical examination conducted by the YNAO Arctic Scientific Research Centre
and the National Medical Research Center for Rehabilitation and Balneology at health care
institutions—municipal hospitals and feldsher-midwife medical stations in remote settlements.
The participants were also recruited during the fieldwork in summer 2020 to study the impact
of the COVID-19 pandemic on reindeer herding activities. The inclusion criteria for the respondents
were: aged over 18, of Indigenous origin, Indigenous language speaker, involved in reindeer herding,
a nomadic or semi-nomadic lifestyle, and residing in the tundra or in the settlements of the Arctic zone
of Western Siberia for over five years. The participants received information about the program both
verbally and in writing. They also provided written informed consent. The consent form stated that
participation was voluntary and assured the confidentiality of the participants, whose personal data
were anonymized, numbered, and added to de-identified databases. The interviews were recorded
and also included in the database.

2.5. Ethics Approval

The study was approved by the Ethics Committee of the Arctic Scientific Research Centre of
Yamal-Nenets Autonomous Okrug, Salekhard, Russian Federation, on 18 January 2013 (approval
protocol No. 01/1-13).

3. Results and Discussion

Two hundred and sixty-five semi-structured interviews were conducted based on the interview
guide developed and approved by the Northern Arctic Federal University and YNAO Arctic Scientific
Research Centre. Two hundred and fifty-two surveys with fixed questions were received.
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Reindeer husbandry is the leading ethno-forming branch of the agro-industrial complex in the
region. YNAO has the highest number of domesticated reindeer herds in the world, which has made it
a prosperous reindeer herding area [24,25] with sustainable nomadic reindeer herding husbandry [26].
However, over the past two years, reindeer livestock has decreased by 11.3% from 2015 numbers
(2015 numbers: 733; 2016: 465; 2017: 788; 2018: 690; 2019: 650) [27].

In YNAO, the network of stakeholders involved in producing, slaughtering, processing, distributing
and consuming reindeer products forms the food value chain that is presented in Table 1.

Table 1. Food value chain of reindeer herding products in the Yamal-Nenets Autonomous Okrug (YNAO).

Stakeholder 1. Producers 2. “Brokers” 3. Processors 4. Distributors 5. Consumers

Agricultural reindeer
herding enterprises,
peasantry farms,
“national communities”
(obschina), individual
reindeer herders
(families)

Gross purchasers
(slaughterhouses,
agricultural
reindeer herding
enterprises), trade
points (faktoria),
local merchants

Companies
processing meat
products and other
by-products in
YNAO, Russian
and international
producers

Export
companies,
shops, local
merchants

Local
Indigenous
communities,
other
consumers

Role
Reindeer herding,
trading to exporters
and local communities

Purchase of
reindeer products,
storage, veterinary
and sanitary
control,
transportation and
delivery to
processors or local
consumers

Processing, value
added processing,
manufacturing,
marketing and
sales

Supplies to the
consumer
market

Shopping,
consuming

Key issues

Dependence on
“brokers” requirements
and regulations, - high
production costs due
to insufficient logistics,
deficit and remoteness
of petroleum stations;
low motivation
towards business
cooperation

High logistic costs;
lack of innovative
equipment for
improved
slaughter
procedures

Low access to
precious reindeer
products of high
quality (fat, skin
and other
by-products)

Low share of
reindeer
products
distributed to
the local
market of
YNAO

Low access to
reindeer
products for
the Indigenous
Peoples living
in remote
settlements of
YNAO

6. Government/NGOs/Regulators

Department of Agro-industrial Complex of YNAO
Department of Natural Resources Regulation, Forest Relations and Development of the Oil and Gas
Complex of the Yamal-Nenets Autonomous Okrug
Department of Indigenous Minorities of the North of the Yamal-Nenets Autonomous Okrug
Veterinary Service of the Yamal-Nenets Autonomous Okrug
Associations of the Indigenous Peoples of YNAO etc.
Role: Public policy on food security and support of reindeer herders

Key issues
Limited access to subsidies for individual reindeer herders,
insufficient legal and economic information support for reindeer herders and insufficient supplies of
medications for reindeer,
export-oriented economy of reindeer products in YNAO

The producers of reindeer products in YNAO (different types of reindeer herding enterprises,
“national communities” of the Indigenous peoples, peasant farms and individual reindeer herders)
provide reindeer husbandry and trade food commodities, such as raw reindeer products (venison, blood,
fat, skin, camus, antlers, velvet antlers, bones, and other by-products). In 2020, in YNAO, there were 19
agricultural enterprises, 447 national communities (obschina), 11 peasant farms specializing in reindeer
herding and processing reindeer products, and 2839 individual reindeer herders (Table 2).
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Table 2. Agricultural enterprises, national communities, peasantry farms and individual reindeer
herders in YNAO* (on 1 January 2020).

District of YNAO
Agricultural
Enterprises

National
Communities of the
Indigenous Peoples

Peasantry Farms Individual Reindeer
Herders

n Reindeer n Reindeer n Reindeer n Reindeer

Salekhard 1 1200 1 580 0 0 0 0
Nadymsky 1 14,007 1 292 0 0 92 10,692
Purovsky 2 15,903 0 0 1 1710 137 14,052
Tazovsky 3 20,426 3 16,152 3 2730 1049 215,088

Shuryshkarsky 2 13,532 0 0 1 20 57 7682
Krasnosel’kupsky 2 1021 0 0 0 0 28 644

Yamalsky 6 25,756 436 88,526 3 14,033 761 97,142
Priural’sky 2 14,025 6 28,018 3 5062 715 47,957

Total 19 105,870 447 133,568 11 23,555 2839 393,257

* The data were received from the specialists of the Department of Agro-industrial Complex of YNAO [27] and
collected from the Register of the main producers of the Yamal-Nenets Autonomous Okrug [28].

Collective reindeer herding in YNAO (agricultural reindeer herding enterprises, national
communities and peasantry farms) is an effective organizational form for the Indigenous economy
involved in producing, slaughtering and processing reindeer products. It is rooted in both the
Soviet period (a state farm or sovkhoz) and traditional forms of Indigenous peoples’ cooperation
(national community or obschina [29,30], and peasantry farms [31,32] as joint family businesses).
Anthropologist V. Vladimirova noticed that the cooperative organization of reindeer husbandry in the
Russian North reproduces the economic and social patterns that were developed during the Soviet
period, also adapting and incorporating elements of traditional indigenous social orders. “Such social
arrangements and the accompanying moral values are embedded in the reindeer herding economy,
and it is their persistence that Indigenous people achieve through adhering to cooperative values” [33].
This mixed culture-based approach to the collective organization of reindeer farming still provides
sustainability for the sovkhoz in Western Siberia. Strong dependence of reindeer herding husbandry on
the Indigenous traditional lifestyle and “democratic leadership” [34,35] also maintain such traditional
forms of Indigenous peoples’ self-organization in YNAO as a “national community” (obschina),
a collaborative economy of family, clan and territorial neighbors that protect and maintain their
traditional lifestyle, economic activities and culture [29].

The recognition of different forms of reindeer herding differs depending on the state. Indigenous
reindeer herders’ communities, unlike agricultural enterprises, are not strongly subsidized by the
regional budget (apart from for producing reindeer meat). So some reindeer herders find transforming
a national community into a peasantry farm or an agricultural production cooperative attractive
because of access to government support, subsidies and future prospects for developing business.
Bogdan O., a reindeer herder from the Laborovskaya tundra, thinks that “The head of a family with a
reindeer herd will be able to register a peasant farm as an enterprise in the future if he wants to enlarge
and offer new jobs to unite the farms of his relatives or neighbors into a cooperative.”

However, individual reindeer herders are still the main producers of reindeer products in YNAO
(60%) (see Table 1). They still prefer not to join any collective reindeer organizations and operate
reindeer herding as individuals with their families—accompanied in the tundra by parents, spouses
and children, and sometimes brothers, sisters, uncles and aunts. They are also cautious about any
changes and paperwork. For example, the reindeer herder Ilia V. from the Laborovskaya tundra
explains: “Joining peasant farms or entering a community to receive grants and subsidies? It is difficult because
I cannot make documents and reports for grants well. My family and I are nomads in the tundra with my
reindeer far away in the Karskoe Sea. I do not have time to go to the authorities and do not know how to run
this business and what papers are needed. I finished seven years of formal schooling and escaped to the tundra.
Reindeer herding is my life now.” This reveals that reindeer herding husbandry in Western Siberia is still
mostly focused on the subsistence economy combined with commodity production. In extreme climate
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conditions, societies do not use the revolutionary achievements of the Neolithic period: they do not
strive to switch to a productive type of agriculture [36], since a herder interacts with the environment
as a partner who feels like an equal part of it [37].

In the Arctic, most Indigenous communities belong to a mixed “subsistence-cash” economy [38].
In YNAO, individual reindeer herders, as part of Arctic communities, represent two types of
social economy: commodity production—producing and sharing for sales to generate profit—and
subsistence production—meeting the needs of reindeer herders and their families. The results of our
research showed that the reindeer herders of the Tazovskaya, Messoyakhinskaya, Antipayutinskaya,
the Tanamskaya tundras of the Tazovsky district, the Yamal and Gydan Peninsulas, and the Yamal’sky
district of YNAO are mainly integrated into the commodity production of meat and velvet antlers
thanks to relatively good logistics and presence of slaughterhouses. Subsistence farming, focused on
providing a family with food and clothing, prevails in the northern part of the Gydan Peninsula, on the
coast of the Yuratskaya Bay and other parts of the Tazovsky district, which are logistically remote from
settlements, slaughterhouses and large oil and gas deposits. In the Priural’sky district, there is both
commodity and subsistence reindeer production because of developed logistic complexes (Figure 1).

Reindeer herding is impacted annually by climate change [39–42], overgrazing of reindeer
pastures [43,44], the growing cost of living in the tundra and changing government regulations for
reindeer herding as a traditional occupation for Indigenous peoples. In 2020, the reindeer herding
economy in YNAO has also been strongly affected by the COVID-19 pandemic since individual
reindeer herders, as the main producers, are a vulnerable group faced with a number of issues due
to: (1) limited access to food, fuel, medications, vaccination procedures for reindeer and slaughtering
facilities; (2) increased production costs; and (3) dropping prices for reindeer products. This falls in
line with global trends: the pandemic has impacted food security and food sovereignty, which are
“greatly affected due to mobility restrictions, reduced purchasing power, and with a greater impact on
the most vulnerable population groups” [45].

Reindeer herding in the Russian Arctic is mostly a subsidized business because of high productivity
costs and low incomes. This makes the impact of COVID-19 very serious for reindeer herders who
perceive the coronavirus, icing and anthrax as evil forces that “were fabricated to reduce the number
of people in the tundra” [46]. It has made reindeer herders change their nomadic schedule and
completely limited nomadic people’s access to the settlements and cities where they can buy food,
fuel and medications for reindeer. Alena V., a reindeer herder’s wife, complained: “We usually buy
products in April in Labytnangi at the base or ‘from sledges.’ But this year, due to the pandemic, my
family did not have time to buy fuel, essential goods, food, or tarpaulin. We had to start the summer
nomadic period earlier – in early April – and change our route. We bought food and went to the tundra
with three other reindeer herding families.” Other reindeer herding families made the decision to stay
closer to the settlement during the period of pandemic limitations. For example, Venera S. noticed:
“It is expensive to come to the city from the tundra—16,000 (*100 Russian Rubles = 1.12 € or 1.32 US$.)
rubles one way. One also needs to buy food and live somewhere in the city. The reindeer stay with our
relatives during this time. Our family was supposed to nomad during spring and summer this year,
but because of the pandemic, it was impossible to go anywhere, and our family made the decision to
stay close to the settlement”.

Limited access to vaccines for reindeer during the COVID-19 pandemic has become a sensitive
issue for food security. Most vaccination procedures are subsidized by the local government of YNAO
to support reindeer herding and control the pandemic. However, in spring (from mid-February to April)
only 40% of about 220,000 reindeer that were planned to be vaccinated against anthrax received a vaccine
from the veterinary service of YNAO. The summer vaccination period in the Priural’sky, Yamal’sky,
Tazovsky and Purovsky districts of YNAO was delayed and started in late June [47]. Timely preventive
vaccination and treatment (against anthrax, salmonellosis, trichophytosis, colibacophytosis, brucellosis,
erysipelas, classical swine flu, plague, rabies, edemagenosis, helminthiasis, etc.) are important for
maintaining reindeer health and addressing the restrictions on slaughter since reindeer herders are
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not allowed to slaughter animals without a vaccination [48] and cannot get government donations
for murrain [49]. Besides, some diseases result in production losses (loss of weight of a reindeer [28])
followed by decreased profit for reindeer herders at the slaughtery.

The medication for some other reindeer diseases (i.e., necrobacillosis) is not subsidized by the
government. Thus, in summer 2020, during the period of limitations due to the COVID-19 pandemic,
most nomadic reindeer herders suffered greatly because they could not get access to pharmacies in
the cities and had to buy anti-necrobacillosis medications at the trading posts (faktoria) in remote
areas and pay unfair prices. Viktoria Z., a reindeer herder from Aksarka, said: “It was very difficult
to get medical supplies for reindeer during the summer period. Because of the coronavirus, it was
impossible to buy them in pharmacies, and we were not given the medicine that reindeer really need
when they limp—antibiotics. ( . . . ) Now we have not received any medications from the veterinary
service. It used to be good: first-aid kits were given to us. Now, the veterinary service has only
supplied us with a vaccine against gadflies.” Bogdan A., the reindeer herder from the Laborovskaya
tundra, noticed: “During the summer quarantine, < . . . > I had to buy medicines for reindeer that
were five times more expensive at the trading post. I paid 20,000 rubles for it.” Moreover, reindeer
herders sometimes could not find necessary products at the trade posts. Ilia S., the reindeer herder
from the Laborovskaya tundra, recounted: “On the way, we passed trading posts. Their prices were too
high and the shops were almost empty.” Some other reindeer herders asked their relatives and friends in
the city to buy and send necessary medications. Anna I., a reindeer herder from Aksarka, recalled:
“I asked someone in Salekhard and kind people helped me get medications. Now I order them from
Ekaterinburg.” Challenges of delayed vaccination in the spring and summer could negatively impact
the results of the slaughter campaign from November 2020 to January 2021 due to the possibility of
decreased reindeer health and livestock approved for slaughter, and could make the reindeer herding
business even less profitable for individuals.

High production costs were also a result of limited access to petroleum stations during the
COVID-19 pandemic. Most individual reindeer herders had to cooperate and share logistical costs of
hiring a taxi to get to petroleum stations close to the city and back to the tundra. However, this still
increased their expenses for fuel by almost 50%. Mikhail V., a reindeer herder from the Priural’sky
district, explained: “It was very difficult for us to get the fuel, which reindeer herders need most of all.
Our petroleum station in Aksarka was also closed, so we had to go to Salekhard city and hire a taxi for
3000 rubles one way. If two or three people split the cost, then it was possible to buy more barrels of
fuel since the cost was less. However, if only one reindeer herder was going, it was a very high price
to pay.” In YNAO, reindeer herding as commodity production strongly depends on the price of fuel
and localization of logistic centers and slaughter facilities. The interviews of reindeer herders in the
Tazovsky district of YNAO (n = 84) showed that the price of the delivery of fuel varied depending
on distance from regional centers and petroleum stations. For example, in the Tazovsky settlement,
the cost of petroleum AI-92 was 43 rubles per liter, in the trade point (faktoria) of Yuribei Gydansky,
94 rubles, in the Gyda settlement, 109 rubles, and on Oleniy Island, 138 rubles. Thus, the logistical
expenses of reindeer herders increased in the remote areas and made them change their nomadic
routes to pass by slaughter facilities or collaborate with other types of broker (i.e., local merchants).

Processors are supplied with reindeer products directly from the reindeer herding enterprises or
via brokers who purchase them from individual reindeer herders or collective reindeer herders’ farms,
giving them a choice to sell their products to: (1) slaughterhouses; (2) state farms (sovkhoz); (3) local
trade points (faktoria); or (4) local merchants in the tundra. These brokers have to take responsibility
for sanitary (veterinary) control, appropriate storage and delivery of reindeer products to processors,
and offer different terms of sale for reindeer herders who are also producers. As a result of the slaughter
campaign in 2019, 1847 tons of reindeer meat were harvested (Department of Agro-industrial Complex
of YNAO, 2020).

In YNAO, there are 13 slaughter complexes and three slaughter points (Figure 1) near logistical
infrastructure—railway or marine logistical routes. In 2019, they slaughtered in total 46,033 reindeer

133



Int. J. Environ. Res. Public Health 2020, 17, 7570

(1643 tons of venison), of which 26,259 (797.5 tons) came from agricultural enterprises, 16,281 (695.6 tons)
from “national communities,” 1662 (70.8 tons) from peasant farms, and 1831 (79 tons) from individual
reindeer herders [27]. In 2020, 85% of the interviewed individual reindeer herders had faced some
issues due to the COVID-19 pandemic: (1) slaughterhouses sorted out the meat in the most profitable
manner to decrease the price; (2) a live reindeer was received by a slaughterhouse but reindeer herders
were paid only for the meat, and they had to buy the skins and camuses if they wanted them back or
accept the decreased price for the reindeer meat (category II instead of category I); and (3) reindeer
herders had to wait up to three months to be paid for slaughtered meat. Sergei S., a reindeer herder,
complained about the delayed payment for his products and an unfair deal with a slaughterhouse:
“This year, we slaughtered meat at Antipayuta. If we slaughtered a lot of reindeer (more than 100 heads),
the money was not paid immediately, but if we slaughtered much less reindeer, then the money
was paid immediately. We delivered about a ton of meat and had to wait for the money for two
months. We sold meat but skins and camuses were taken by slaughterhouses for nothing. And if you
wanted to take them back, you had to buy them. Camuses cost 450 rubles in 2020, and 350 rubles in
2019.” Larisa S., another reindeer herder, was unsatisfied with her dependence on slaughterhouse
rules: “You bring a reindeer, they slaughter it and pay only for the meat. If you want to take the
camus, then the meat will be cheaper; it will be accepted as of the second sort, and the second sort is
phenous meat. That is, we have to sell reindeer and meat according to their terms and conditions.”
Slaughterhouses also dropped their prices for meat. In 2020, the average price of venison varied at the
slaughterhouses in YNAO from 180 rubles for the second sort to up to 450 rubles for the first sort per
kilogram. The reindeer herder Mikhail V. mentioned that the prices had not changed a lot during the
past two years: “This year, slaughterhouses took meat for 450 rubles per kg, and the second sort of
meat was taken for nothing—180 rubles—and they paid the money much later. In 2018, meat of the
first sort was 220 rubles per kg and the second sort of meat cost 140 rubles.” However, reindeer herders
had to accept all the terms and conditions imposed by slaughterhouses because, in general, it was more
profitable to slaughter a large number of reindeer, especially during the winter high slaughter season.

Due to the COVID-19 pandemic, delayed vaccination of reindeer, limited access to the slaughtery
at the state farms (sovkhoz) along with complicated bureaucratic procedures and long waiting times for
payment (up to six months), the sovkhoz was less attractive for individual reindeer herders (only 9%
of our respondents ever sold their products to state farms). Elena O., a reindeer herder, explained:

“While slaughtering reindeer at the state farm, there was no need to buy the camuses of our reindeer: the farm just
slaughtered reindeer, took the carcasses, and gave us back the other parts. However, now it is more difficult to sell
reindeer to a state farm: there are a lot of papers to fill out and we have to wait for our money for six months.”

Regarding prices, trading posts (faktoria) and local merchants offered half the price for reindeer
meat. For example, Venera S. noticed: “This year, the trading post bought reindeer meat for very cheap”.
The reindeer herder Iakov S. mentioned that the COVID-19 pandemic had dropped prices for velvet
antlers: “This year, due to the coronavirus in the tundra, merchants bought the velvet antlers of the first sort
for 1000 rubles per kg, the second sort for 800 rubles, and the third for 600 rubles.” Venera S. compared
current prices for velvet antlers with the previous years: “Last year, the price reached 2,700 rubles.”
However, collaboration with local merchants who arrived directly in the tundra was more convenient
for reindeer herders and helped solve some COVID-19 related issues with supplies. Reindeer herders
accepted the exchange of reindeer products for other goods (fuel, food, clothes, nets, spare parts for
snowmobiles, diesel generators, pampers for babies, etc.), and they considered these sales as fair
and more convenient, especially during the pandemic period, because they did not slaughter lots
of reindeer (usually up to five for sustenance needs, i.e., food and making clothes) and could avoid
production losses and the logistical costs associated with going to settlements or cities. The reindeer
herder Nikolai S. mentioned: “Antipayuta was not on the way, and we had to nomad with the reindeer
herd specifically to the slaughterhouse. This was bad because of weight loss by the reindeer. And it
also depended on weather conditions—a lot of snow and ice.” Thus, the COVID-19 pandemic could
have an impact on decreasing the number of slaughtered reindeer during the winter due to unfair
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prices and could create delays until a later period. This could lead to a decline in profit and quality
of life, especially for poor individual reindeer herders who are supported by the local government.
In 2000, a member of a nomadic family earned 5000 rubles per month.

When slaughtered, YNAO reindeer products are exported by brokers to both primary and value
added processors that process, manufacture, and market reindeer products, which are in high demand
in the meat, pharmaceutical and beauty industries. However, processors are limited in the number of
reindeer products they can process due to gaps in slaughter procedures. First, the quality of products
depends on freezing facilities. If the rules of storage are violated, deterioration takes place several times
faster [50,51]. Secondly, slaughterhouses are mostly focused on venison, and most other parts of the
reindeer are thrown away or delivered as by-products of the third category. Due to the winter slaughter,
it is almost impossible for industrial processors to get reindeer fat, reindeer skin and camuses of high
quality. The collection of blood is a very complicated procedure that is implemented in YNAO only at
state farms due to high technological requirements. This approach of utilizing meat differs completely
from the Indigenous peoples’ consumption of reindeer. Of those interviewed, 98% agreed that they
use all parts of a reindeer for food and making clothes, shoes, tools, household items, handicrafts,
etc. Andrei A. explained: “We eat the whole reindeer, and we eat it raw, sun-dried, boiled, or fried.
My family likes hard boiled reindeer head with hoofs. It’s very delicious. Only the reindeer skull is
left. Our dogs eat the same food as we do.” Based on the interviews, the ways of utilizing reindeer by
reindeer herders and other stakeholders who process reindeer products are presented in Table 3.

The distributors, including wholesalers, market and sell reindeer products in YNAO, and export
them to other regions of Russia and abroad. YNAO is the only region in Russia that officially exports
reindeer products to the EU. In 2008, four tons of reindeer products from YNAO were exported to
Sweden, Finland and Germany [27]. In 2019, the total export of YNAO reindeer products brought
in an income of $29 million. A total of 440 tons (24%) of slaughtered reindeer meat and 11,000
reindeer skins from YNAO were exported to Finland and Germany [47]. Now, only three enterprises
in YNAO—municipal enterprise Yamal’skie Oleni, municipal unitary enterprise Meat Processing
Complex Payuta and LLC Vozrozhdenie—have certification as official exporters of reindeer meat and
one more company—LLC Sibirsky olen—specializes in exporting reindeer skins and other by-products
to the EU. In 2020, according to the national project “International Cooperation and Export,” 400 tons
of reindeer meat and 13,000 reindeer skins are planned to be exported to European countries [27].
Already this year, 270 tons of reindeer meat and 15 tons of other by-products of the third category
have been exported to Finland and Germany [27], representing 50% of planned exports. By 2024,
the government of YNAO plans to double exported reindeer products and to increase the number of
consuming countries. Prospective reindeer products to be exported are bones and blood enriched with
collagen, calcium, iron and protein. The COVID-19 pandemic has decreased the export of reindeer
products. For example, Finland cancelled the import of 13,000 reindeer skins in March [27]. Tourists
are the main consumers of the handicrafts made of skin, and the crisis in the tourism industry has
resulted in a decline of demand for these products.

The COVID-19 pandemic has accentuated consumers’ motivation “to protect themselves and
their immune system by adopting healthier diets. The availability of bioactive ingredients of food
and functional foods may become critical, as the demand for these products may increase” [52].
Due to the increasing export potential of reindeer products, local consumers (both Indigenous and
non-Indigenous communities in YNAO) have low access to reindeer meat. Of the interviewed reindeer
herders, 83% confirmed that they supply reindeer products to their relatives when they visit them,
mostly during the winter period. A further 45% of interviewed individual reindeer herders sold
some reindeer meat to local communities in the large settlements. According to official data from
the Department of Agro-industrial Complex of YNAO, only 6% of all reindeer were sold to the local
population: 2622 reindeer by agricultural enterprises and 2288 by national communities [27]. This has
accentuated the trend of a dramatic decline of access to reindeer meat in the local communities.
According to monitoring data received by the Arctic Research Scientific Centre, in 2012–2017 20% of the
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total volume of reindeer meat was consumed by the herders themselves, 18% was sold in Indigenous
villages or transferred to relatives and 62% was exported outside the Yamal-Nenets Autonomous
Okrug. On average, a family of nomadic Nenets reindeer herders consisting of two to four adults and
three to seven children consumed no more than 10–12 reindeer per year. In addition, part of the meat
was transported to relatives living in villages with an Indigenous population. A significant portion of
reindeer meat was also sold in villages and towns with an Indigenous population or cities close to the
herding routes [53].

Table 3. The utilization of the reindeer products of YNAO.

Product

Average Yield per
one Reindeer Utilization

Weight, kg Yield, % By Reindeer Herders By Processors

Total reindeer 66.00 100.00

Venison with carcass 33.00 50.00

muscles 20.13 30.50 Raw, sun-dried, frozen (“stroganina”),
boiled, fried meat—for food

Meat industry (canned, smoked,
salted venison, sausages, chips)

fat 2.48 3.75 Raw—for remedies Pharmaceutical industry
(biologically active medications)

bones 6.93 10.50 Boiled—for food and making tools and
household items

Animal feeding stuff
tendons and fascia 3.47 5.25

Tongue 0.33 0.50 Boiled—for food Meat industry

Blood 4.22 6.40 Raw—for food and remedies Pharmaceutical industry
(biologically active medications)

Heart 0.42 0.64

Raw and boiled—for food
Meat industry; animal feeding

stuff (produced premium
hypoallergenic dog and cat food)

Lungs 0.67 1.02

Liver 0.70 1.06

Kidneys 0.15 0.22

Stomach:

farding bag 3.06 4.64 For keeping fresh blood

Meat industry
honeycomb bag 0.37 0.56

Boiled—for food

bible-bag 0.55 0.84

rennet bag 0.36 0.54

Intestine and
esophagus 2.30 3.48

Animal feeding stuff

Gullet and larynx 0.18 0.28

Antlers 1.06 1.60 Handicrafts, remedy, making tools and
household items

Pharmaceutical industry
(biologically active medications);

beauty industry (cosmetic
production enriched with

collagen); handicrafts

Hoof 1.08 1.64 Boiled—for food
Beauty industry (cosmetic
production enriched with

collagen); animal feeding stuff

Skin, camus, forehead 6.97 10.56 Summer skin—for winter “chum” cover,
coverage of the floor and “beds”, making

clothes, shoes handicrafts

Making clothes, shoes and
handicrafts

Tail 0.12 0.18

Cranial muscles and
bones 3.30 5.00 Boiled—for food Animal feeding stuff

Endocrine, enzymatic
and special raw

products
2.39 3.62 Raw and boiled—for food Animal feeding stuff

Wastes (gastric and
intestine contents etc.) 4.77 7.22 Boiled—for food Animal feeding stuff

The COVID-19 pandemic almost completely limited the access of local communities to reindeer
products; only 24% of the respondents could supply their relatives with reindeer meat in the settlements.
This is because of food safety requirements as “a significant issue in order to avoid the spreading of
the virus between producers, retailers, and consumers” [52]. People living in the remote territories
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of YNAO also had low access to reindeer products. The results of previous research also showed
a dramatic decline of almost 50% in consumption of reindeer products by the Indigenous and
non-Indigenous peoples in YNAO, and only one third of the studied population still eat venison once
or twice daily [54]. This threatens the maintenance of their health since a diet enriched with venison
significantly increases antiatherogenic blood lipid fractions, contributes to the maintenance of normal
body weight, and improves microcirculation, tissue fluid exchange and antioxidant defense of the body
against free radicals, which may explain the high prophylactic activity of venison [54] that has also
shown a high efficiency in helping to adapt to cold stress [55] and geomagnetic activity in the Arctic [56].
It can be used as an effective remedy for reducing hypertension [10] and chronic nonobstructive
bronchitis risk [13]. This makes reindeer products an important part of the local population’s nutrition.

This systematic research into the reindeer food value chain in YNAO has revealed strong
dependence of reindeer herders on other stakeholders—brokers, processors and government
institutions,—which makes them a vulnerable group and establishes barriers to entering the global
market. Individual reindeer herders are not involved in the complete processing of reindeer products
and have to accept the rules imposed by wholesalers and other retailers. However, reindeer herders are
keepers of precious traditional knowledge about utilizing reindeer. Strengthening the involvement of
reindeer herders in the food value chain can contribute to Arctic Indigenous economies and maintain
their traditional lifestyle.

The main strength of our study was using the unique data of quantitative and qualitative research
collected from the reindeer herders and local authorities during expeditions that took place over seven
years (2014–2020). Most similar studies remain fragmentary, and often hard to access. However,
our study had several limitations. The studied population was recruited while undergoing a medical
examination at health care institutions—municipal hospitals and feldsher-midwife medical stations in
remote settlements. Participation was voluntary and did not include all representatives of the reindeer
herding business (i.e., employees of the state farms and commercial agricultural enterprises) of the
studied territories, which may limit the generalizability of findings. Future research could also benefit
from exploring food security in reindeer herding, on utilizing reindeer in commodity production and
on the impact of traditional reindeer products on the health and wellbeing of the local communities.

4. Conclusions

In the Arctic zone of Western Siberia, short- and long-term measures are needed to maintain a
healthy lifestyle replete with traditional food as part of Indigenous peoples’ food system. The economic
position of reindeer herders in the food value chain, who are very dependent on other stakeholders,
should be strengthened. This currently creates barriers for integration of reindeer herders into the
global market and makes their positions insecure, and the situation is exacerbated by the COVID-19
pandemic. The strengthening the food sovereignty of reindeer herders (i.e., the improvement of their
sovereignty over the use, sale and consumption of food) could be reached by improved economic
sovereignty. This is also a key factor in solving food security for the local communities since this
would mitigate the compulsive export sale of meat to obtain economic resources. Thus, this would
improve the food security of the local communities while providing economic security for reindeer
herders. Solutions could derive from an equilibrium between regulating and improving private
business, state intervention, and cooperative mobilization of reindeer herders or local residents.
State intervention is more feasible in some areas, bottom-up mobilization in other areas, while the
maintenance of incentives of local private businesses need to be kept in mind. Apart from strengthening
economic and food security for reindeer herders it is equally important to strengthen both traditional
households and local businesses since they are central to improve the resilience of their communities
facing economic, climate and pandemic challenges.
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We propose the following:

Short-term measures:

• Organize a mobile economic and legal consulting service for nomadic and semi-nomadic reindeer
herders to support business and establish cooperative reindeer husbandries.

• Encourage cooperative forms of reindeer husbandry and implement a new government program
subsidizing peasant farms for purchase of slaughter, freezing and storage facilities (managed by
reindeer herders’ wives and elderly family members staying at the settlements with contribution
the Indigenous and non-Indigenous people from the local communities) to contribute to reindeer
herding as a traditional family business and increase year-round access of remote local communities
to reindeer products.

• Organize veterinary facilities in the settlements and provide reindeer herders with medications
for reindeer.

• Increase access of reindeer herders to reasonably priced fuel and basic food products near the
settlements and trading spots.

• Organize mobile slaughter and supplemental reindeer feeding facilities in the tundra along the
nomadic routes of reindeer herders.

• Extend the export potential of non-edible parts of reindeer (i.e., velvet antlers, reindeer skins,
camuses) to support food sovereignty of the Indigenous peoples, while focusing government
policies on improving access of the Indigenous communities to the edible and medicinal portions
of the carcass.

Long-term measures

• Train Indigenous peoples to harvest and process reindeer products according to bioproduction
standards and increase their involvement in the complete food value chain as producers, brokers,
processors and distributors to strengthen food sovereignty among the Indigenous peoples.

• Subsidize medications for reindeer and fuel for reindeer herders and develop infrastructure to
facilitate the economic empowerment of reindeer herders.

• Monitor the consumption of traditional food, as well as the health and social welfare of the
Indigenous population in the Russian Arctic. Explore ways to maintain traditional nutrition in
the local communities.
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Abstract: Most studies exploring the public acceptance of genetically modified food (GMF) are based
on social trust and the establishment of a causal model. The underlying premise is that social trust
indirectly affects public acceptance of GMF through perceived risks and perceived benefits. The object
of social trust is trust in people, organizations, and institutions. Different from the social trust,
epistemic trust refers to people’s trust in scientific knowledge behind the technology of concern.
It has been shown that epistemic trust, like social trust, is also an important factor that affects the
public perception of applicable risks and benefits. Therefore, it is necessary to incorporate epistemic
trust into the causal model to derive a more complete explanation of public acceptance. However,
such work has not been conducted to date. The causal model proposed in this paper integrated
epistemic trust and social trust and divided social trust into trust in public organizations and trust
in industrial organizations. A representative questionnaire survey (N = 1091) was conducted with
Chinese adults. The model was analyzed by the partial least squares structural equation modeling
(PLS-SEM) method. Three major findings were obtained: First, epistemic trust is an important
antecedent of perceived risks and perceived benefits and exerts a significant indirect effect on the
acceptance of GMF. Secondly, trust in industrial organizations negatively impacts perceived risks,
while trust in public organizations positively impacts perceived benefits. Thirdly, contrary to the
common opinion, trust in industrial organizations did not exert a significant direct effect on perceived
benefits, and trust in public organizations did not demonstrate a significant direct effect on perceived
risks. Therefore, trust in industrial organizations and trust in public organizations utilize different
influence paths on GMF acceptance. This study enriches the understanding of the influence path of
trust with regard to the acceptance of emerging technologies and is of great significance to relevant
risk-management practices.

Keywords: epistemic trust; risk perception; genetically modified food; public acceptance; partial least
squares structural equation modeling

1. Introduction

Genetically modified food (GMF) offers a significant technological advance in modern agriculture
as well as enormous social and economic benefits [1]. Like any other new food technology in history,
the safety of GMF has been a source of anxiety, uncertainty, controversy, and low acceptance since
GMF entered the market. Previous studies have shown that consumers from Japan, the European
Union (EU), and the United States (US) maintain low acceptance of GMF [2–10]. In this regard,
China is no exception [11]. A survey by Cui and Shoemaker (2018) showed that the percentage of the
Chinese public adverse to GMF is as high as 41.4% [12]. The commercialization of GMF as well as the
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decision-making of stakeholders related to food industries (e.g., governmental policymakers, farmers,
and agro-biotechnology enterprises) strongly depends on its public acceptance [13–15]. Given the
importance of predicting public acceptance of GMF, much scholarly attention has been paid to explore
the factors that affect the public acceptance of GMF [16–22].

Among these factors, scholars are most interested in the following three: perceived risks,
perceived benefits, and trust [13,17]. Siegrist (2000, 1999) proposed a causal model to explain the
acceptance of gene technology, which identified perceived benefits, perceived risks, and trust as the
three most important factors to affect public acceptance. Moreover, the perceived benefits and perceived
risks directly influence acceptance, while trust imposes an indirect influence on acceptance through
perceived risks and perceived benefits [23,24]. This model has been accepted as the basic model for the
study of the acceptability of emerging technologies and is widely used in several technical fields.

Trust in the casual model of public acceptance mostly refers to social trust [25]. Social rust
is a psychological state, which comprises the intention to accept vulnerability based on positive
expectations of the intentions or behavior of another [26,27]. The object of social trust is trust in people,
organizations, and institutions. Trust is a multi-type concept. Except social trust, epistemic trust
is also one kind of trust that has an important impact on perceived risks. Epistemic trust refers to
people’s trust in scientific knowledge behind the technology of concern [28]. Some studies have shown
that cognitive trust is an important factor in perceived risk, which is more negatively correlated with
perceived risk than social trust [29]. However, with the exception of some recent studies, most causal
models of public acceptance rarely consider epistemic trust. For example, Hakim et al. (2020) did not
explicitly mention the concept of epistemic trust but included the content of epistemic trust in the
measurement items of social trust [18].

In addition, social trust is also a multi-type concept. According to the types of trustees,
some scholars divided social trust into trust in public organizations (e.g., government regulators,
public research institutions) and trust in industrial organizations (e.g., farmers and agro-biotechnology
enterprises) [30]. Several studies have found that these two types of social trust have different
antecedents. The level of trust in public organizations depends on their abilities and competence, and the
level of trust in industrial organizations depends on their intentions, honesty, and integrity [31,32].
At the same time, some studies found that public trust in these two types of trustees differ: people have
more trust in public organizations than in industrial organizations [33]. Therefore, it is necessary to
divide the social trust into trust in industrial organizations and trust in public organizations; then,
the impact of these two types of social trust on public acceptance of GMF can be appropriately explored.

This study complements previous studies in two aspects: first, the concept of epistemic trust is
introduced as an indirect factor that affects public acceptance; second, different from most previous
studies, which, as outlined, regarded trust in industrial organizations and trust in public organizations
as a single construct, this study treats both types of trust as two different variables.

All in all, some studies have found that epistemic trust is an important factor affecting the public
risk perception; trust in public organizations and trust in industrial organizations should be treated
as two different variables. By integrating epistemic trust, trust in public organizations, and trust in
industrial organizations into the causal model, the impact of trust on public acceptance of GMF can be
appropriately explored. However, such work has not been conducted to date. As such, this study is
aimed at integrating epistemic trust, trust in public organizations, and trust in industrial organizations
into one model and analyzing their impacts on public acceptance of GMF.

2. Research Hypotheses and Framework

Public acceptance of GMF (ACC) is defined as the willingness of the public to buy and their
intention to use GMF [34,35]. As technical barriers disappear, a critical factor for promoting the
deployment of GMF is whether people will be willing to buy and use the resulting products and enjoy
the benefits of this technology [36,37].
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The role ACC plays in the implementation of food technology induces a number of important
research questions for social scientists, such as “which factors determine whether a particular food
technology will be accepted or rejected?” A wide range of social–psychological factors influencing ACC
has already been explored. Among these, three factors (social trust, perceived benefits, and perceived
risks) have attracted the most scholarly attention [17,38]. To explain ACC, Siegrist (2000, 1999)
proposed a causal model for the relationship among these three factors [23,24]. In that causal model,
Siegrist argued that acceptance of this new technology was determined by both perceived risks and
perceived benefits and that social trust exerted a strong indirect influence on acceptance through
perceived risks and benefits.

This causal model has been widely used to explain public acceptance in a variety of technological
domains, such as gene technology [18,39–41], financial technology [42,43], nanotechnology [44–49],
renewable energy [32,50–52], unmanned aircraft [53], and automated driving technology [54,55].
The present study is also based on Siegrist’s causal model.

The present study proposed a research framework to systematically examine the relationship
among these various types of trust, perceived risks/benefits, and public acceptance of GMF. Figure 1
illustrates the proposed framework.
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2.1. Perceived Risks and Benefits

Perceived risk is an individual’s impression or interpretation of the uncertainty and potential
negative consequences related to an object that is perceived as a threat [56,57]. Different people will
interpret the same objective facts differently and thus form different subjective cognition. It has been
shown that because of the discrepancy and biases in individual cognition, not only the individuals but
also the perceived risks that have been assessed by experts can differ widely [58]. Moreover, for the
same risk, different individuals will have completely different perceived outcomes. Perceived benefit is
an individual’s perception of the benefits a certain technology or product can provide [59]. Benefits are
what individuals pursue when they accept a certain technology to buy a certain product, which are
thus reflections of the value these individuals want to obtain [60].

In the case of GMF, perceived risks include unknown long-term effects, side effects on human
health, and both environmental and social problems [61–63]. Perceived benefits revolve around
environmental issues, especially in relation to the reduction of energy and chemical inputs, high yields
and diversity, lower food prices, and longer shelf life [64,65].

In general, food products have been regarded as low-involvement purchases that require only
limited decision-making [66]. Perceived risks have no explanatory power unless they exceed a
specific threshold [67]. Most surveys showed that the risk perceptions of the public toward GMF
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are high across the world [11,68–73]. In the context of GMF, perceived risks may be a key factor
that determines ACC as perceived benefits [16,74,75]. Most studies and reviews have concluded
that perceived benefits positively influence the acceptance of GMF. In contrast, perceived risks are
considered to impose negative impacts. There have been good reviews on the relationship among
perceived risks, perceived benefits, and GMF acceptance; please refer to Frewer, Lynn J., et al. (2013),
Bearth A. and M. Siegrist (2016), and Machado Nardi, V.A., et al. (2020) [13,19,34].

Based on the above, the following related hypotheses are proposed:

Hypothesis H1 (H1). Public’s perceived risks of GMF will negatively affect their ACC.

Hypothesis H2 (H2). Public’s perceived benefits of GMF will positively affect their ACC.

Most research suggested that risk and benefit perceptions were not independent but rather
inversely related [76,77]. This suggests that people do not judge risks and benefits independently, as is
done in scientific risk–benefit appraisals, but rather they intuitively weigh risks and benefits against
each other. When the risks people thus perceive are high, they perceive that the benefits that could be
obtained are low, and vice visa. Following Siegrist (1999), this further proposes that perceived benefits
influence perceived risks [24]. The public has little capacity and knowledge to properly evaluate the
risks associated with GMF; however, its benefits are tangible and concrete, and people consequently are
more experienced about the associated benefits [39,78]. Therefore, for normal people, it is much easier
to assess the benefits associated with GMF than to assess its risks. Attributing relatively high benefits
and high risks to GMF would produce cognitive dissonance. It would not be surprising if altering the
level of perceived risks reduced this dissonance. Following this argument, it is more plausible that
perceived benefits influence perceived risks than the opposite.

Hypothesis H3 (H3). Public’s perceived benefits of GMF will negatively affect their perceived risks.

2.2. Social Trust

Trust is a psychological state, which comprises the intention to accept vulnerability based on
positive expectations of the intentions or behavior of another [26]. In this definition, the object is trust
in people, organizations, and institutions. This type of trust is also referred to as social trust [25,27,79].

Most people do not possess elaborated knowledge about GMF [20,80,81]. One way to cope with
this lack of knowledge and capacities is to rely on others to evaluate and manage an associated hazard.
Relevant actors are the producers of GMF, regulating organizations (e.g., governmental organizations),
research institutions working in the field of GMF, and independent non-governmental organizations [82].
Therefore, social trust plays a dominant role in such circumstances. Research in the domain of GMF
showed that people who trust responsible actors attributed more benefits and fewer risks to GMF.
Thus, social trust indirectly impacts the acceptance of GMF [37,83,84].

Social trust is a multi-type construct. Peters, Covello, and McCallum (1997) divided social trust
into trust in the industry, trust in the government, and trust in citizen groups [30]. They showed
that the trust in the industry was related to public perceptions of concern and care on the part of this
industry (e.g., the trustee’s intentions, honesty, and integrity). The trust in the government was related
to perceptions of commitment and perceptions of knowledge and expertise (e.g., trustee’s abilities
and competence). The trust in citizen groups was related to perceptions of knowledge and expertise
(e.g., trustee’s abilities and competence). Maeda and Miyahara (2003) conducted a similar study in
Japan. They obtained the same results about trust in government and industry but not for citizen
groups because the social positions of citizen groups are not yet stable in Japan [85]. Thus, it can be
seen that different types of social trust have different antecedents. The antecedents of trust in public
organizations lie in the trustee’s abilities and competence, and the antecedents of trust in industrial
organizations lie in the trustee’s intentions, honesty, and integrity. Additionally, Lang and Hallman
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(2005) and Terwel et al. (2009) found that the trust level of the public in these different organizations
is also different. Generally, the trust level of public organizations is higher than that of industrial
organizations [33,86]. Finally, Maeda and Miyahara (2003) found that the trusts in both government
and industry were negatively related to risk perception [85].

Based on these studies, each type of social trust has different antecedents, and the public assigns
different levels to every type of trust. Therefore, it is essential to distinguish between these various
types of social trust and divide them into two differential constructs. In this way, we can have a deeper
understanding of the influence mechanism of social trust on public acceptance of GMF.

In China, the social positions of citizen groups are not yet stable because their social positions
have only recently started to be established. Following Maeda and Miyahara (2003), this study inferred
that citizen groups are not well trusted by the people in China [85]. Consequently, citizen groups
are not seen as relevant agents in the domain of GMF and were not included in the investigation.
This study distinguished between trust in the industrial organizations which form the industry and
trust in public organizations. Since previous studies showed that social trust, as one single construct,
exerts significant influences on the perceived benefits and the perceived risks, it is reasonable to assume
that both types of social trust might influence perceived benefits and perceived risks in the same way.

However, these two types of social trust are not independent. The responsibility of public
institutions is to supervise the effective implementation of relevant risk policies and regulations by
industrial organizations. López-Navarro, Llorens-Monzonís, and Tortosa-Edo (2013) argued that the
more effective public institutions perform their supervision responsibilities, the higher the public’s
confidence in the industrial organizations’ compliance with relevant risk control measures will be [14].
Consequently, trust in public organizations will directly and positively impact the trust in industrial
organizations. In fact, evidence supports this argument.

Following these arguments, the following set of hypotheses was developed:

Hypothesis H4 (H4). Higher trust in public organizations will decrease the perceived risks of GMF.

Hypothesis H5 (H5). Higher trust in public organizations will increase the perceived benefits of GMF.

Hypothesis H6 (H6). Higher trust in industrial organizations will decrease the perceived risks of GMF.

Hypothesis H7 (H7). Higher trust in industrial organizations will increase the perceived benefits of GMF.

Hypothesis H8 (H8). Trust in public organizations will directly and positively influence trust in
industrial organizations.

2.3. Epistemic Trust

In her study of the Storuman (Sweden) referendum on siting a local high-level nuclear waste
repository, Drottz-Sjöberg (1996) found that even though the social trust may exist, the public may
still reject a siting proposal. People may well trust the technical expertise of an industry or an agency
in the area of technology of concern, but they may still reject the technology [87]. It is clear that this
kind of rejection could not be explained by lower social trust. Such a contradiction is common in
society. Sjöberg (2001, 1999) argued that the reason for such contradictions is that people distrust
the sufficient development of the scientific basis of the technology of concern, assuming that current
scientific knowledge has not completely assessed the (negative) effects of the technology [28,88].

Sjöberg (2001) thus introduced the concept of epistemic trust to represent people’s trust in scientific
knowledge behind the technology of concern [28]. Additionally, research showed that social trust is
fairly marginal when it comes to account for perceived risks [89,90]. Follow-up work supported the
notion that epistemic risk is an important factor for perceived risks, which was even more strongly
negatively related to perceived risks than social trust [25,29,52,91–96].
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Based on these findings, the following hypotheses were proposed:

Hypothesis H9 (H9). Epistemic trust will negatively affect perceived risks.

Hypothesis H10 (H10). Epistemic trust will positively affect perceived benefits.

3. Methods

3.1. Sample

Data were collected through self-reported, structured questionnaires. The questionnaire was
developed in Chinese and was submitted to a panel of five experts at one of the key universities in
Central China for content validity evaluation. Of these five experts, two work at the Department of
Biology and three at the School of Public Management. The panel approved both the issue list and
question format and suggested revisions to clarify questions so that the general public could fully
understand the questions asked and answer them. Before the formal survey, a pilot test was conducted.
In summary, 50 randomly selected individual participants (representing the public, and including
both 20 undergraduates and 30 ordinary people) were interviewed individually. During the test,
respondents were asked whether they could clearly understand the questions and felt comfortable
answering them. According to their feedback, changes were implemented with regard to wording,
expressions, and grammar to improve the questionnaire’s clarity, accuracy, flow, and validity.

The questionnaire contained four parts: The first section was the screening question “Have you
heard of genetically modified food?” The respondent need not continue to fill in the questionnaire if
his or her answer was “no”. The second section asked for socio-demographic information including
gender, age, educational background, and income. The third section focused on the public’s acceptance
of GMF. The last part inquired about perceived risks/benefits level with regard to GMF, social trust in
different objects, and epistemic trust.

The survey followed a stratified sampling. First, to account for geographical differences and to
maximize representativeness, we choose eight provinces from the east (Zhejiang), south (Guangdong),
west (Sichuan, Xizang, and Xinjiang), north (Hebei), northeast (Jilin), and middle (Hubei) regions in
China. Two higher-income and another two lower-income counties were randomly selected in each
province, resulting in 32 counties. Next, 4–6 city communities or villages were randomly selected from
each county, resulting in 150 city communities or villages. Finally, 7–10 households were randomly
approached in each of the city communities or villages, resulting in a total sample of 1200 observations.
In June 2019, through public recruitment, 100 university students were recruited as interviewers at
Central China Normal University. The home addresses of the university students were located in the
32 counties selected above; there are 3–4 interviewers in each county. Face-to-face interviews were
conducted by university students during July and September 2019.

A total of 1200 paper-based questionnaires were distributed. Finally, 1168 paper-based
questionnaires were thus collected, resulting in 1091 valid questionnaires after eliminating those
with clerical errors or contradictions; the effective questionnaire recovery rate reached 93.41%.

3.2. Measures

The measurement scale used in this study contained six constructs and twenty-two items, which are
based on several scales in relevant studies (see Table 1 for specific relevant studies) that offer high
reliability and validity. Peculiarities of the Chinese language and culture were considered during the
translation. A minor modification in the wording was made to suit Chinese peculiarities. The subjects
were asked to indicate their agreement or disagreement with the statements provided, using a
seven-point Likert scale. Table 1 provides detailed scale items for the constructed variables.
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Table 1. Measures used in the study.

Construct Items Source

Public
acceptance
(ACC)

(ACC1) Would you like to buy genetically modified food?

[23,24,97]

(ACC2) Would you like to buy this kind of food if the product trademark
indicates that it contains genetically modified ingredients?

(ACC3) Whenever possible I avoid buying GMF (reversed scoring).

(ACC4) Compared with ordinary food, genetically modified food has a
longer shelf life. Would you choose to buy because of this point?

Perceived
benefits
(PEB)

(PEB1) Overall, GM food technology is useful for society.

[96,98]

(PEB2) Transgenic technology can increase crop yields and feed more people.

(PEB3) GMF creates a higher quality of life; it is a great
technological advancement.

(PEB4) Genetically modified foods will eventually be accepted by the
majority of people.

Perceived
risks (PER)

(PER1) Overall, GMF can be dangerous to people.

[37,96,98,99]

(PER2) Eating genetically modified food will lead to infertility.

(PER3) Eating genetically modified food will change the genes of us or
future generations.

(PER4) The production of genetically modified food will destroy the diversity
of animals and plants.

(PER5) Planting genetically modified crops will have a negative impact on
the environment.

Trust in
industrial
organizations
(STC)

(STC1) food corporation.

[39,100](STC2) agricultural corporation.

(STC3) pharmaceutical corporation.

Trust in
public
organizations
(STP)

(STP1) National Food Administration.

[39,96](STP2) public research institution in the domain of GMF.

(STP3) National Institute of Public Health.

Epistemic
trust (EPT)

(EPT1) There could be negative side effects of GMF unknown for scientific
knowledge today.

[94,96]
(EPT2) Scientific knowledge about GMF is probably still incomplete

(EPT3) Researchers behind GMF technology are hardly aware of all
consequences of what they create.

To assess ACC, a 5-item measure was used that was developed by Siegrist (1999, 2000)
and Zhang (2017) and represented people’s willingness to buy GMF under different specified
circumstances [23,24,97]. The first two items were adapted from Zhang (2017), and the remaining three
items were adapted from Michael Siegrist (1999, 2000). Examples of items are “Whenever possible I
avoid buying GMF” (1 = strongly disagree; 7 = strongly agree) (reverse-coded) and “Would you like to
buy genetically modified food?” (1 = strongly unwilling; 7 = strongly willing).

To assess the perceived benefits of GMF, the 4-item measure was used that was developed by
Sjöberg (2005) and Ghoochani et al. (2016) [96,98]. The items therein reflect the social and environmental
benefits of GMF that are typically mentioned by experts and news media. Items that represent the
economic benefits of GMF (e.g., lower price, reduction of production cost, and increased profit) were not
included, because previous studies found that most of the public assumed that these economic benefits
were only obtained by the corporations in the domain of GMF [96]. An example of these items
is “Transgenic technology can increase crop yields and feed more people.” (1 = strongly disagree;
7 = strongly agree).
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To assess the perceived risks of GMF, respondents indicated their agreement with the 5-items
developed by Sjöberg (2005), Chen M.-F. (2008), Ghoochani et al. (2016), and Zhang (2019) [37,96,98,99].
Two items reflect the possible harm of GMF to human health, and the other two items reflect the
possible harm of GMF to the environment. Examples of items are “Eating genetically modified food
will lead to infertility.” and “Planting genetically modified crops will have a negative impact on the
environment.” (1 = strongly disagree; 7 = strongly agree).

Trust in industrial organizations: Although previous studies have shown that social trust contains
multiple components, Lang and Hallman (2005) showed that these components were highly correlated
and would converge on a common factor [86]. Therefore, the public’s social trust in different objects can
be measured in a specific holistic way. Based on this argument, the trust in industrial organizations was
measured via the trust in various industrial organizations [39,100]. Participants were asked, “How much
trust do you have in the following institutions: (1) food corporations, (2) agricultural corporations,
(3) pharmaceutical corporations?” Participants had to indicate their level of trust on a 7-point-scale,
ranging from no trust at all to a very high level of trust (1 = not at all; 7 = very much).

Trust in public organizations was measured via trust in various public organizations [39,96].
Participants were asked, “How much trust do you have in the following institutions: (1) National Food
Administration, (2) Public research institutions in the domain of GMF, (3) National Institute of Public
Health?” Participants had to indicate their level of trust on a 7-point-scale, ranging from no trust at all
to a very high level of trust (1 = not at all; 7 = very much).

To measure epistemic trust, respondents indicated their agreement with the three items that
were adopted from Sjöberg (2005) and that have been used elsewhere [94,96]. An example of such
items is “There could be negative side effects of GMF unknown for scientific knowledge today”
(1 = strongly disagree; 7 = strongly agree).

3.3. Analysis Method

Descriptive statistics and exploratory factor analysis of all questionnaire items were performed in
a preliminary study by IBM SPSS Statistics (IBM, Armonk, NY, USA). In contrast to covariance-based
structural equation methods (CB-SEM), partial least squares structural equation modeling (PLS-SEM)
is the appropriate analytical tool in this case because it imposes minimal demands on measurement
scales, sample size, and residual distributions [101]. PLS-SEM was used to test the reliability and
validity of both the measurement model and the structural model. Smart PLS version 3.2.4 [102]
was used to run the PLS–SEM analysis. A bootstrapping procedure of 5000 resamples was used to
generate t-statistics and standard errors [103].

The process of evaluation of the results of the PLS-SEM involves two steps. In step 1, the assessment
of the measurement model is conducted. When measurement quality is confirmed, the structural
model evaluation is conducted in step 2 [104].

For the assessment of the measurement model, we start by examining the indicator loadings.
Loadings above 0.70 indicate that the construct explains more than 50% of the indicator’s variance,
demonstrating that the indicator exhibits a satisfactory degree of reliability. The constructs’
internal consistency reliability was assessed. For Cronbach’s alpha (α), higher values indicate
higher levels of internal consistency reliability. Results between 0.70 and 0.95 represent “satisfactory to
good” reliability levels [104]. Composite reliability (CR) measures internal consistency reliability
that assumes the same thresholds. Results between 0.70 and 0.95 represent “satisfactory to good”
reliability levels [104].

Next, the convergent validity was calculated, which is the extent to which a construct converges
in its indicators by explaining the items’ variance. Convergent validity is assessed by the average
variance extracted (AVE) across all items associated with a particular construct and is also referred to
as communality. An acceptable threshold for the AVE is 0.50 or higher. This level or higher indicates
that, on average, the construct explains (more than) 50% of the variance of its items [104].
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The last stage is to assess discriminant validity. This analysis reveals to which extent a construct
is empirically distinct from other constructs both in terms of how much it correlates with other
constructs and how distinctly the indicators represent only this single construct. Discriminant validity
assessment in PLS-SEM involves analyzing Henseler et al.’s (2015) heterotrait–monotrait ratio (HTMT)
of correlations [105]. The suggested threshold is a value of 0.85 when the path model included
constructs that are conceptually very similar.

For the assessment of the structural model, we start by testing the proposed research hypothesis
about the causal relationship between latent variables by evaluating the significance of the path
coefficients. A path coefficient is regarded as significant if the p-value is below the pre-defined α-level.

Next, for the significant path coefficients, it makes sense to quantify how substantial they are,
which can be accomplished by assessing their effect size f 2. f 2 values above 0.35, 0.15, and 0.02 can be
regarded as strong, moderate, and weak, respectively [106].

Finally, the multicollinearity of the structural model is examined. The index used is the variance
inflation factor (VIF). If VIF is less than 5, it can be considered that there is no serious multicollinearity
problem in the structural model [104].

4. Results

4.1. Descriptive Analysis

A total of 1091 individuals with a mean age (standard deviation) of 32.93 (14.31) years were
enrolled in this study. The sample did not originate from strict random sampling, and therefore,
the representativeness of the sample had to be evaluated. To do so, a χ2 test was applied to ensure that
the sample in this study is representative of the entire population. Table 2 presents the characteristics
of the sample and the results of the χ2 test, which indicate that the sample could represent the Chinese
population roughly (p ≥ 0.05).

Table 2. Descriptive statistics of the sample data.

Characteristic Classification Number Sample
(%)

Population
(%) *

χ2 Test
(p-Value)

Gender
Male 483 44.3 51.2 0.982

(0.322)Female 608 55.7 48.8

Age
15–29 years old and below 523 47.9 42.9

0.902
(0.637)

30–50 years old 447 41.0 42.3
51 years old and above 121 11.1 14.8

Type of Habitat Rural inhabitant 585 53.6 55.9 0.081
(0.776)Urban inhabitant 506 46.4 44.1

Education
background

Primary education 183 16.8 27.7

4.744
(0.192)

Junior high school 427 39.1 40.6

High school
(including technical
secondary school)

254 23.3 17.5

College degree and above
(including junior College)

227 20.8 14.2

Monthly income
(Chinese Yuan)

<3000 843 77.3% No available
3001–5000 204 18.7% No available

>5001 44 4.0% No available

* Source: http://www.stats.gov.cn/tjsj/zxfb/201604/t20160420_1346151.html.
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4.2. Assessment of Measurement Model

Cronbach’s alpha (α) and composite reliability (CR) were above 0.70 and each AVE
(Average Variance Extracted) was above 0.50 (see Table 3), indicating that the measurements were
reliable and that the latent construct can account for at least 50% of the variance within items. As shown
in Table 3, the loadings are within an acceptable range and the t-values indicate that they are significant
at the 0.001 level.

Table 3. Confirmatory factor analysis results.

Construct Mean(SD) Item Mean SD Loading P α CR AVE

ACC 3.682(1.481)

ACC1 3.432 2.071 0.827 0.000

0.804 0.872 0.640
ACC2 3.372 1.631 0.840 0.000
ACC3 4.813 1.642 0.800 0.000
ACC4 3.112 2.142 0.701 0.000

EPT 2.852(1.161)
EPT1 2.531 1.379 0.801 0.000

0.777 0.857 0.668EPT2 2.742 1.382 0.773 0.000
EPT3 3.301 1.421 0.874 0.000

PEB 4.479(1.232)

PEB1 4.711 1.501 0.858 0.000

0.816 0.879 0.645
PEB2 4.751 1.558 0.768 0.000
PEB3 4.282 1.589 0.853 0.000
PEB4 4.169 1.519 0.725 0.000

PER 3.887(1.129)

PER1 3.801 1.561 0.820 0.000

0.802 0.862 0.558
PER2 3.682 1.468 0.794 0.000
PER3 3.551 1.659 0.761 0.000
PER4 4.151 1.492 0.711 0.000
PER5 4.282 1.371 0.634 0.000

STC 4.078(1.292)
STC1 3.850 1.451 0.864 0.000

0.884 0.928 0.811STC2 4.253 1.401 0.921 0.000
STC3 4.161 1.471 0.916 0.000

STP 5.258(1.191)
STP1 5.661 1.382 0.800 0.000

0.765 0.864 0.680STP2 5.162 1.471 0.822 0.000
STP3 4.961 1.460 0.850 0.000

Note: ACC =Public acceptance; EPT = Epistemic trust; PEB = Perceived benefits; PER = Perceived risks; STC = Trust in
industrial organizations; STP = Trust in public organizations.

The discriminant validity of the constructs was evaluated using the approaches recommended
by the heterotrait–monotrait ratio (HTMT) of correlations [105]. If the HTMT is significantly smaller
than 0.85, this is evidence of sufficient discriminant validity. The results in Table 4 suggest that all
constructs had acceptable discriminant validity.

Table 4. Discriminant validity (heterotrait–monotrait ratio (HTMT)).

ACC EPT PEB PER STC STP

ACC
EPT 0.239
PEB 0.668 0.154
PER 0.755 0.436 0.466
STC 0.316 0.120 0.270 0.183
STP 0.305 0.326 0.422 0.137 0.694

Note: ACC =Public acceptance; PEB = Perceived benefits; PER = Perceived risks; STC = Trust in industrial
organizations; STP = Trust in public organizations; EPT = Epistemic trust.
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4.3. Common Method Bias

All data were collected by using the discussed survey method; therefore, common method bias
may affect the validity of this research.

First, the data set was assessed using Harman’s one-factor test to identify any potential common
method biases [107]. The danger of common method bias is high if a single factor accounts for more
than 50% of the variance [108]. Evidence of common method bias exists when a general construct
accounts for the majority of the covariance among all constructs. A principal component factor analysis
was performed and the results excluded the potential threat of common methods bias. The first
(and largest) factor accounted for 27.930% and none of the general factors accounted for more than 50%
of the variance, indicating that common method bias was not a serious problem in the data set.

Second, following Liang et al. (2007), the PLS model included a common method factor whose
indicators included all principal constructs’ indicators [109]. Each calculated indicator’s variances could
be substantively explained by the principal construct and by the method. The results demonstrate
that the average substantively explained variance of the indicators was 0.665, while the average
method-based variance was 0.015. The ratio of substantive variance to method-based variance is
44:1. In addition, all method-based factor loadings are non-significant. Given the small magnitude
and insignificance of method-based variance, according to Liang et al. (2007), this indicated that the
method is unlikely to be a serious concern for this study.

4.4. Assessment of Structural Model

Model fit was evaluated by examining the goodness of fit (GoF) [110] and the standardized root
mean square residual (SRMR) [111]. GoF was 0.475, which exceeded the cut-off value of 0.36 for a
large effect size [110]. SRMR evaluates the discrepancy between an observed correlation matrix and a
predicted correlation matrix. The calculated SRMR was 0.039, which remained below the recommended
threshold of 0.08 [111]. Thus, the PLS path model achieved an appropriate overall fit.

Figure 2 and Table 5 presents the estimates obtained via PLS analysis. R2 indicates the amount of
variance explained by a model [112]. To evaluate the full model, R2 values were calculated for ACC.
The R2 value of 0.521 indicated that the model explains a substantial amount of variance for ACC.
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Table 5. Causal relationships.

Path Path Coefficients Effect Size (Cohen’s f2) t-Value p Values Hypothesis Check

PER -> ACC −0.455 0.303(medium -large) 22.473 0.000 H1 (Supported)
PEB -> ACC 0.345 0.196(medium) 15.260 0.000 H2 (Supported)
PEB -> PER −0.390 0.195(medium) 13.463 0.000 H3 (Supported)
STC -> PER −0.072 0.006(small) 2.147 0.032 H4 (Supported)
STC -> PEB 0.049 0.003(small) 1.303 0.193 H5 (Not supported)
STP -> PEB 0.317 0.073(small–medium) 8.454 0.000 H6 (Supported)
STP -> PER −0.014 0.001(small) 0.410 0.682 H7 (Not supported)
STP -> STC 0.581 0.513(large) 26.571 0.000 H8 (Supported)
EPT -> PER −0.364 0.181(medium) 12.917 0.000 H9 (Supported)
EPT -> PEB 0.067 0.006(small) 1.820 0.069 H10 (Supported)

Note: ACC =Public acceptance; PEB = Perceived benefits; PER = Perceived risks; STC = Trust in industrial
organizations; STP = Trust in public organizations; EPT = Epistemic trust.

Perceived risks demonstrated a direct and statistically significant negative relationship with
ACC (β = −0.455, p < 0.001). Individuals who perceived more risks were less likely to accept GMF,
thus supporting Hypothesis 1.

Perceived benefits demonstrated a direct and statistically significant positive relationship with
ACC (β = 0.345, p < 0.001). Individuals who perceived more benefits were more likely to acceptance of
GMF, thus supporting Hypothesis 2.

As shown in Table 4, perceived risks (f 2 = 0.303) exerted a greater influence than perceived benefits
(f 2 = 0.196) for affecting public acceptance of GMF.

Perceived benefits demonstrated a direct and statistically significant negative relationship with
perceived risks (β = −0.390, p < 0.001). Individuals who perceived more benefits were more likely to
perceive fewer risks, thus supporting Hypothesis 3.

Higher trust in industrial organizations demonstrated a direct and statistically significant negative
relationship with perceived risks (PER) (β = −0.072, p < 0.05). The more people trusted industrial
organizations, the fewer their perceived risks, thus supporting Hypothesis 4.

Higher trust in industrial organizations did not demonstrate a direct, statistically significant
relationship with perceived benefits, thus Hypothesis 5 was not supported. In this sample,
individuals with high trust in an industrial organization were not likely to perceive more benefits.

With regard to Hypothesis 6, Figure 2 shows that the higher trust in public organizations
→ perceived risks link was not significant, thus failing to confirm that people’s trust in public
organizations affects their risk perception.

As shown in Figure 2, the positive higher trust in public organizations→ perceived benefits link
was significant (β = 0.317, p < 0.001), thus supporting Hypotheses 7. Individuals with high trust in
public organizations were likely to perceive more benefits.

With regard to Hypothesis 8, Figure 2 shows that the higher trust in public organizations→ higher
trust in industrial organizations link was significant (β = 0.581, p < 0.001). The more people trust
public organizations, the more they will trust industrial organizations.

Figure 2 also shows that the negative epistemic trust → perceived risks link was significant
(β = −0.364, p < 0.001) and the positive epistemic trust→ perceived benefits link was weakly significant
(β = 0.067, p =0.069), but it was only significant at p = 0.10, hence, supporting Hypotheses 9 and
10. Individuals with high trust in the science behind GMF were likely to perceive more benefits and
fewer risks.

Trust in public organization (f 2 = 0.073) had a stronger influence than epistemic trust (f 2 = 0.006)
on explaining perceived benefits. The impact of trust in the industrial organization on perceived
benefits was small (f 2 = 0.003).

The effects of epistemic trust and perceived benefits had an influence on explaining perceived risks
that were similar (f 2 = 0.181 and 0.195, respectively). Trust in industrial organizations on perceived risks
and the impact of higher trust in public organizations were similar (f 2 = 0.006 and 0.001, respectively).
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In tests of multicollinearity, the variance inflation factor (VIF) values were calculated for all
constructs. All VIF values remained well below the acceptable threshold of 5.0 (ranging from 1.000 to
1.707), as shown in Table 6 [113].

Table 6. Variance inflation factors (VIFs) of the constructs.

ACC PEB PER STC

EPT 1.057 1.062
PEB 1.271 1.133
PER 1.433
STC 1.541 1.543
STP 1.593 1.707 1.000

Note: ACC =Public acceptance; PEB = Perceived benefits; PER = Perceived risks; STC = Trust in industrial
organizations; STP = Trust in public organizations; EPT = Epistemic trust.

5. Discussion

5.1. Theoretical Implications

By integrating social trust [23,24] and epistemic trust [25,28,114] in risk perception research,
this study proposes an extended model to explain GMF acceptance. The model specifies the relationship
among social trust, epistemic trust, perceived risks, perceived benefits, and GMF acceptance. The model
was tested with survey data of China. This study yielded three major findings: First, epistemic trust is
an important antecedent to perceived risks and perceived benefits and exerts a significant indirect effect
on GMF acceptance. Secondly, higher trust in industrial organizations exerts a negative impact on
perceived risks, and higher trust in public organizations exerts a positive impact on perceived benefits.
Therefore, higher trust in industrial organizations and higher trust in public organizations utilize
different influence paths toward GMF acceptance. Thirdly, in contrast to common opinion, higher trust
in industrial organizations did not exert a significant direct effect on perceived benefits, and higher
trust in public organizations did not exert a significant direct effect on perceived risks. This study
enriches the knowledge on the influence path of trust on the acceptance of emerging technology and
has significance for risk management practice.

Consistent with prior research, these findings suggest that perceived risks and perceived benefits
are two important factors that influence GMF acceptance. By demonstrating that perceived benefits
have a statistically significant, negative relationship with perceived risks, this study supported that
risk and benefit perceptions are not independent but rather inversely related [76,77].

More importantly, consistent with Sjöberg [25,28], the findings of the present study illustrate
that epistemic trust is an important factor in GMF acceptance by exerting a direct positive effect on
perceived benefits and a negative effect on perceived risks. Given that research has identified epistemic
trust as an important antecedent to perceived risks and perceived benefits, future research should not
omit this construct.

With regard to social trust, these findings also suggest that it is important to distinguish between
trust in industrial organizations and trust in public organizations. When both types of trust are treated
jointly in the same model, differences were found with respect to the GMF acceptance relationship,
depending on the type of trust. Trust in industrial organizations in the domain of GMF exerts a negative
impact on perceived risks, and trust in public organizations exerts a positive impact on perceived
benefits. In contrast to the hypothesized relationships, higher trust in industrial organizations did not
exert a significant direct effect on perceived benefits, and higher trust in public organizations did not
exert a significant direct effect on perceived risks. On the one hand, these findings confirm that it is
necessary to distinguish between higher trust in industrial organizations and higher trust in public
organizations when operationalizing the social trust measurement. Furthermore, it is important to
consider both types of trust separately as two different constructs. On the other hand, the results show
that the influence paths of both types of trust on the GMF acceptance differ.
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These findings are consistent with the results of a number of recent studies. When they
distinguished between trust in companies and trust in public institutions, López-Navarro,
Llorens-Monzonís, and Tortosa-Edo (2013) showed that trust in companies negatively affected citizens’
health risk perception [14]. Moreover, trust in public institutions did not exert a direct and significant
effect in the context of a petrochemical industrial complex. However, their study did not include the
relationship between both types of trust and perceived benefits; therefore, a complete comparative
analysis could not be conducted. Peters, Covello, and McCallum (1997), as well as Maeda and Miyahara
(2003), showed that the component (or dimension) of trust in the government (i.e., public organizations)
is a form of competency trust, while the component (or dimension) of trust in the industry (i.e., industrial
organizations) is a form of goodwill trust [30,85]. In the context of nuclear power plants (NPPs)
in China, Xiao, Liu, and Feldman (2017) showed that goodwill trust improves the acceptance of NPPs by
decreasing the risk perception of the public [32]; however, competence trust improves the acceptance of
NPPs by increasing the benefit perception. The authors showed that the associations between goodwill
trust and benefit perception, as well as competence trust and risk perception, were not significant.
Considering the results of Peters, Covello, and McCallum (1997) as well as Maeda and Miyahara
(2003), the results of the present study are highly consistent with the results of Xiao, Liu, and Feldman
(2017) [30,32,85].

Why does higher trust in industrial organizations only affect the perceived risks, while higher trust
in public organizations only affects perceived benefits? The literature provides no explanation for this
question. The risks of GMF are mainly related to industrial activities; therefore, industrial organizations
are the first to bear the responsibility for managing the risks inherent to the industrial activity,
which they developed [14]. Therefore, trust in industrial organizations is directly related to reducing
the public’s perception of the risks associated with GMF. At the same time, according to the loss
aversion principle, most people apply asymmetric sensitivity to gains and losses, and the pain in the
face of loss is perceived as far stronger than the pleasure in the face of gain [115]. For most people,
the primary goal of decision-making is to avoid risks and losses. Only when risks are controlled and
when safety is guaranteed, most people further consider the benefits. The duties of public organizations
in the domain of GMF are associated with their regulatory activities as well as their functions of
authorizing and monitoring relevant industrial activities. The component (or dimension) of trust in
public organizations is a form of competency trust. When people have a high level of trust in public
organizations, they assume that public organizations have the ability to perform their duties effectively.
Under the premise that loss is avoided, the public will pay more attention to the relevant benefits of
GMF. Therefore, trust in public organizations exerts a significant positive impact on perceived benefits.

5.2. Policy Implications

These results offer relevant implications for the practitioner. Scientific knowledge contains
inherent uncertainty. In this sense, it is rational for the public to criticize and doubt scientific
knowledge. However, such criticism and doubt should be based on relevant evidence and facts.
In China, most people lack the scientific knowledge to understand transgene technology and biology in
general [116]; therefore, it is difficult for them to make a reasonable judgment on the scientific evidence
about GMF. It is easy for the lay public to distort the uncertainties of scientific knowledge behind GMF,
which further reduces their willingness to accept GMF. To overcome this issue, the government can
use a variety of popular science activities to improve the scientific literacy of the public, enhance their
epistemic trust, and ultimately improve GMF acceptance.

The results of this study may be useful for industrial organizations in the domain of GMF in
relation to their behavior. Industrial organizations ought to be concerned about the level of trust
received by the public in response to all items representing higher trust in industrial organizations.
All average values of the items were lower than the middle value of the scale (see Table 3). Given this
fact, and considering that the component of higher trust in industrial organizations is goodwill trust,
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industrial organizations should pay more attention to public interests. Moreover, they should improve
the transparency of their risk control information to enhance goodwill trust.

The findings for public organizations are of concern: contrary to the case of higher trust in industrial
organizations, the average values of all items representing higher trust in public organizations were
higher than the middle value of the scale (see Table 3). Although public trust in public organizations
exceeds that in industrial organizations, the absolute level of higher trust in public organizations is low,
and the average values of all items representing higher trust in public organizations remain below 5
(see Table 3). Therefore, and considering that the component of higher trust in public organizations is
competence trust, public organizations need to properly execute their regulatory function with regard
to the risk management of GMF. This will further enhance the public’s trust in their capabilities and
increase the perceived benefits in the public.

Both industrial organizations and public organizations in the domain of GMF should focus
their efforts on prompting public trust, reducing perceived risks, and improving benefit perception,
which will ultimately improve GMF acceptance. Generating and maintaining trust often constitutes
the primary goal of industrial communication policies.

5.3. Limitations

Although the findings of this study provide meaningful implications for both researchers and
practitioners, a number of limitations apply. On the one hand, this study used cross-section data
on research methods and its acceptance intention took the place of actual acceptance behavior as
the explained variable. While the current studies mostly used this method, considering that public
acceptance of GMF is a dynamic process, future studies should consider longitudinal dynamic tracking
surveys. Moreover, the GMF acceptance of the public should be compared for different periods to
better reflect the changing regularity of this acceptance. On the other hand, this study focused on
the influence of trust factors on perceived benefits, perceived risks, and public acceptance without
considering other factors. Consequently, the explanatory power of a number of the variables remains
limited, especially for perceived benefits (R2 = 0.073). Future studies should expand the model by
adding further important influencing factors.
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Abstract: The purpose of this study was to assess the effects of a pilot community-based behavioral
intervention on the home food environment in U.S. households. Parents (21 females, 2 males; age
= 36 ± 5.5 years; 78% Hispanic) of elementary school-aged children attended a 10-week dietary
improvement behavioral intervention targeting an increase in fruit and vegetable consumption and a
reduction in sugar intake. Home food availability of fruit, vegetables, and sugar-laden foods and
beverages were assessed before and after the intervention using a modified version of the Home Food
Inventory. Relative to baseline, the intervention resulted in significant increases in fruit availability
(7.7 ± 3.2 items vs. 9.4 ± 3.1 items; p = 0.004) and low sugar cereal (2.3 ± 1.4 types vs. 2.7 ± 1.4 types;
p = 0.033). There was a significant reduction in sugar-sweetened beverage availability (3.2 ± 1.9
types vs. 1.7 ± 1.3 types; p = 0.004). There was a significant increase in the number of households
with accessible ready-to-eat vegetables and fruit, and a significant reduction in available prepared
desserts, and candy (p < 0.01). There were no significant changes in the availability of vegetables
and sugar-laden cereals. The current intervention resulted in positive changes in the home food
environment. Further research to confirm these results in a randomized controlled trial is warranted.

Keywords: community-based intervention; diet; home food availability; home food environment;
sugar sweetened beverages; fruit and vegetable intake

1. Introduction

Poor dietary quality, roughly described as low adherence to dietary recommendations [1], plays
a role in the development of obesity and chronic diseases [2,3]. While fresh fruit and vegetables aid
in the prevention of cardiometabolic diseases [2], sugar intake can trigger weight gain and may play
a catalytic role in obesity and chronic disease development [3]. Individuals from ethnically-diverse
communities, susceptible to disparities in chronic diseases, often have limited access to fresh fruit and
vegetables, and have a greater consumption of sugar-laden foods [3,4].

Hispanics are the largest and fastest growing ethnic minority group in the U.S. [5,6]. Hispanics
are a population of concern because of their greater prevalence of chronic disease risk factors such
as abdominal obesity, dyslipidemias, and insulin resistance, relative to non-Hispanic Whites and
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Blacks [7–14]. It has also been reported that Hispanics have a lower overall dietary quality than
non-Hispanic Whites [15], further contributing to chronic disease risk. Poor dietary quality is of
particular concern among Hispanic youth, as it has been documented that fewer than 10% of Mexican
American youths adhere to dietary recommendations regarding fruit and vegetables, fish, whole grains,
or sodium intake, and fewer than 35% adhere to sugar-sweetened beverage recommendations [16].
When considering these five components combined, 79–85% of Mexican Americans 5 to 19 years of age
had a poor diet score [16]. Given the importance of nutrition for chronic disease prevention, more
research is needed to promote healthier dietary intake among this vulnerable population.

Evidence suggests that interventions which target parents and focus on behavioral change from a
family context can improve the parents’ behavior while also improving the behavior of the children in
the family, particularly prior to adolescence when parents are still the primary influence on dietary
behavior [17–19]. This approach has been shown to have positive effects on parent cardiovascular
risk factors, parent weight, child weight, and parent- and child-reported eating behaviors [20–25].
Conceptually, this approach relies on helping the parents to develop skills related to eating and
parenting while encouraging them to model these behaviors, promote healthy behavioral choices
in their children and reinforce them, and make changes in the home food environment (HFE) [26].
This intervention approach has the potential to simultaneously affect change at the personal (individual),
interpersonal (family) and environmental (home) levels. Currently, there is a lack of evidence to
support the use of this model in underserved populations for whom need for behavior change may be
greatest [20].

The HFE is a multifactorial concept that comprises the dietary choices available and accessible
within a household, as well as the choices around mealtimes that may influence food intake by family
members (e.g., media exposure, how meals are served) [27]. The HFE has been suggested as the
most influential environmental factor on a child’s dietary intake [28]. Particularly related to dietary
choices, two relevant HFE dimensions are home food availability (i.e., the presence or absence of
specific foods in the home) and food accessibility (i.e., whether foods are visible and readily obtainable,
and therefore more likely to be consumed) [29]. Although it has been suggested that the HFE has a
localized and direct impact on food choice and diet quality [30–32], the focus of dietary interventions
on environmental influences on dietary quality at the family or household level has been limited [26,33].
Behavioral interventions that target the HFE have resulted in significant decreases in energy-dense
foods and beverages, and an increase in the amount of fruit and vegetables in the home [34,35].
However, those focusing on ethnically-diverse populations are scarce, and have mainly focused on
African-Americans [35]. Therefore, there is a need to assess whether interventions aimed at influencing
the HFE are also beneficial in primarily Hispanic populations.

Several HFE measurement tools [29,36–38], including a version adapted for low-income Spanish
and Somali-speaking households [39], have been validated. However, existing literature involving
assessment of the HFE has mostly relied on self-reported data. Studies in which HFE assessment takes
place using open inventories (i.e., home visits where home food information is recorded by research staff

rather than relying on self-reported data), are scarce [40]. Moreover, open inventories have not been used
to assess the efficacy of a behavior change intervention. Therefore, this quasi-experimental pilot study
used open inventories to assess the effects of a community-based dietary behavior change intervention
delivered to parents of school-aged children on their HFE. Such an assessment is important as it allows
for an objective evaluation of whether a behavioral intervention can influence household-level factors
that directly influence dietary intake.

2. Materials and Methods

2.1. Participants

One adult parent (≥18 years) and one 6–11-year-old child from the same household were enrolled
in a 10-week quasi-experimental dietary behavior change pilot intervention delivered concurrently at

164



Int. J. Environ. Res. Public Health 2020, 17, 8327

an inner-city elementary school and a community center in Phoenix, AZ. The study team did not have
a say as to which parent within a household enrolled in the study. Parent participation depended on
willingness and availability to take part of the intervention sessions. Enrolled parents participated
in the behavioral intervention described below, while their children took part in concurrent physical
activity sessions that did not include information about the HFE. For the purposes of the current
analysis, we only included data from the parent participants given that they were the ones consenting
to the home data collection procedures to assess the HFE (see below).

Participants were recruited through the use of flyers distributed at both locations, referrals
from prior participants, and word of mouth. Exclusion criteria (for both, parents or children) were:
(a) medical conditions requiring a specialized diet (e.g., food allergy, phenylketonuria); (b) participation
in a separate diet modification program; (c) fruit and vegetable intake ≥5 servings/day; (d) inability to
attend sessions; and (e) pregnancy. The questions used in the screening process to verify participant
eligibility are available in Supplementary Material 1. Although the original intent was to exclusively
enroll Hispanic families, all interested families were admitted to the study regardless of ethnicity,
per request of our community partners where the intervention was delivered. Nevertheless, both
locations were located in an area with a large Hispanic population (63%) [41], and most enrolled
participants were Hispanic (see results). Sessions at the community center were conducted in Spanish
to accommodate the high percentage of Hispanic participants; sessions at the school were delivered
in English. For the current report, parent participants had to consent to a home visit for assessment
of the HFE. Out of 34 participating families, 27 consented for baseline home visits (19 attending
the program at the community center and 8 attending at the elementary school), and 23 completed
post-intervention follow-up visits and were included in the present analysis. All participants provided
written informed consent both for program participation and the home visits. This study was approved
by the Institutional Review Board at Arizona State University (IRB#STUDY00000427 and IRB #
STUDY00000267).

2.2. Intervention

The 10-week group-based program was delivered once weekly at the inner-city school
(90 min/session) and twice weekly at the community center (45 min/session) and included a variety of
behavioral modification techniques demonstrated to promote dietary behavior change, particularly
targeting an increase in fruit and vegetable consumption and a reduction in sugar intake. A variety of
behavioral modification techniques grounded in principles from social-cognitive theory [42] and operant
conditioning [43] were used, with particular emphasis on goal-setting, generating social support, skill
practice, and habitual self-monitoring [44]. These techniques were combined with nutrition education
focused on maintaining a healthy diet and keeping healthy foods in the home. The curriculum
had a module specifically dedicated to discussing improvements in the HFE which reviewed home
food availability and the selection of healthier options at the store. Moreover, the intervention
emphasized HFE improvements as part of the behavioral strategies promoted throughout multiple
sessions. The curriculum content and corresponding activities were consistent at both study sites.
Table 1 includes a list of the intervention topics and a brief description of their content. The main diet
improvement targets were increasing the availability and intake of fruit and vegetables and reducing
the availability and intake of sugar-containing foods and beverages. No interventions took place in the
homes of participants during HFE data collection.
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Table 1. Outline of Intervention Topics.

Module Topic(s) Content

1 Introduction/Chronic disease
risk reduction

Description of the program.
Discussion about common chronic diseases related to lifestyle.

2 Overview of a healthy
diet/Meal planning

Introduction of basic nutrition concepts related to
dietary guidance.

Recommendations for the preparation of a weekly meal plan and
grocery list as a way to incorporate dietary guidance in the family

meals and increase fruit/vegetable availability in the home.

3 Fats and sugars/Reading
food labels

Discussion about the role of dietary fat and sugar in chronic
disease risk.

Review of the key items on the nutrition facts panel and examples
of how to use them for making food choices.

4 Recipe modification/Portion
control

Discussion of ways to modify recipes to reduce sugar and fat
content and increase fruit/vegetable consumption.

Review of standard portion sizes for commonly consumed foods.

5
Benefits of physical

activity/Healthy foods
on a budget

Discussion of the importance of physical activity as a way to
reduce chronic disease risk.

Discussion of strategies to purchase less expensive foods without
compromising dietary quality.

6 Healthy home food
environment/Smart shopping

Discussion of the importance of the home environment for making
smart diet choices and for providing healthy foods for the family,

and the benefits of having healthy options as the more easily
accessible foods for children.

Strategies for improving the home food environment by selecting
healthier food options when shopping.

7 Involving the family/Family
mealtime

Discussion of the importance of involving children and other
family members in healthy food selection and preparation.
Discussion of the importance of having meals as a family.

8 Why we eat: hunger vs.
nourishment

Discussion of the difference between high-calorie and
high-nutrient foods.

9 Physical activity and sedentary
behaviors

Discussion of the role of physical activity and sedentary behaviors
on health.

10 Final review and graduation Question and answer session.
Potluck to celebrate the end of the program.

2.3. Measures

Data were collected in the households of participating families at baseline (after screening and
consenting but before the start of intervention sessions) and within four weeks after completion of the
intervention. Parent participants completed a survey to gather information on gender, age, income,
number of people living in the household, employment status, education level, ethnicity, and if a
household received any public food assistance (i.e., Women, Infants & Children [WIC], Supplemental
Nutrition Assistance Program [SNAP]). HFE was assessed by trained research assistants using a
modified version of the Home Food Inventory [29]. This tool captures the presence or absence of
specific foods found in the main storage areas (i.e., home food availability), and whether foods are
visible and readily obtainable on kitchen surfaces or without moving other items around in the
refrigerator (i.e., kitchen and refrigerator accessibility, respectively). The inventory was modified
by only including food categories within the main study outcomes of interest (fruits, vegetables,
sugar-laden foods and beverages, and sugar-free beverages), and was culturally adapted to include
foods commonly consumed by Hispanic individuals (e.g., pan dulce, aguas frescas). A section devoted
to inventorying dry breakfast cereal was added. Dry cereal was categorized based on 2014 Arizona
WIC guidelines as WIC-approved (low-sugar; no more than 6 grams of sugar per 1-ounce serving)
or as sugar-laden (more than 6 grams of sugar per 1-ounce serving), regardless of fiber content [45].
Table 2 displays a list of the food items included in the modified inventory and used for the present
analysis. The full instrument used for this study is available in Supplementary Material 2.
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Table 2. Food items included in the modified Home Food Inventory.

Food Category Items Included

Fruits and Vegetables

Fruits

Apples, apple sauce, apricots, avocado, bananas, blueberries, cranberries, dates, grapes,
grapefruit, kiwi, lemons or limes, mango, melon, mixed fruit/fruit cocktail, nectarines,
oranges, pears, peaches, pineapple, plums, prunes, raisins, raspberries, strawberries,

tangerines/clementines

Vegetables Asparagus, beets, bell peppers, broccoli, cabbage, cauliflower, carrots, celery, corn,
cucumbers, green beans, lettuce, mushrooms, peas, potatoes, spinach/other greens, squash

Sugar-containing products

Beverages Soda, prepared iced teas and lemonades, sports drinks, fruit drinks, flavored milks, aguas
frescas, energy drinks, 100% fruit juice

Prepared desserts Cookies, cakes/cupcakes, muffins, brownies, other snack cakes, pastries/sweet rolls/donuts,
flan, pan dulce, ice cream, pudding/jello

Candy Chocolate, hard candy, gummy candy varieties, fruit rollups/fruit snacks or other
fruit-based candy, chewy candy

Dry breakfast cereal WIC-approved low sugar, sugar-laden breakfast cereal

Sugar-free alternatives

Beverages Diet soda, diet iced tea, water

2.4. Analysis

Statistical analyses were conducted using IBM SPSS Statistics, version 21.0 (SPSS Inc., Chicago,
IL, USA). All continuous variables are presented in text and tables as mean ± standard deviation
(Mean ± SD) or frequency where appropriate. Data were summarized using descriptive statistics
to capture the baseline characteristics of participants. Food availability values reported indicate the
number (count) of different items present in a household at baseline or follow-up, and the difference
between the two time points. Kitchen or refrigerator accessibility data represent the number of
households that had each item being accessible (i.e., readily obtainable without moving other food
items) at baseline or follow-up. Changes in home food availability were compared using a paired
samples t-test for normally distributed variables (fruits and vegetables) or a Wilcoxon Signed Rank
test for all other variables which were not normally distributed and/or could not be transformed
(sugar-sweetened beverages, prepared desserts, candy, sugar-laden cereal, and high fiber/low sugar
cereal). Vegetables were analyzed separately to include and exclude potatoes. Sugar-containing
beverages, diet-beverages, and water were counted separately. Changes in kitchen and refrigerator
accessibility are reported as the number of households that had those items readily obtainable, and
were compared using a McNemar Test using the Quick Calcs calculator [46].

3. Results

3.1. Participant Sociodemographic Characteristics and Program Attendance

The mean age was 36.0 ± 5.5 years with an average household size of 2.4 ± 1.0 adults and 2.7 ± 1.1
children. The majority of participants were female (n = 21; 91%) and identified themselves as Hispanic
(n = 18; 78%). Other participants self-identified as African-American (n = 1), Native American (n = 1),
Caucasian (n = 2) and Somali (n = 1). Overall, the level of education was high school or lower for 52%
of participants; 22% of participants were college graduates. Fewer than half of the participants reported
working either full-time (22%) or part-time (17%); 39% of participants reported being homemakers.
About 61% of households had an income less than USD 2000/month, and 39% of households reported
to be receiving public food assistance. Participants’ mean attendance was 7.7 ± 1.2 sessions.

3.2. Changes in Food Availability

Changes in the number of available food items per household from baseline to follow-up are
depicted in Table 3. There was a significant increase in the availability of fruit (1.7 items; p = 0.004)
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but not vegetables (p = 0.111), and significant reductions in sugar-sweetened beverages (−1.5 items;
p = 0.004), available prepared desserts (−1.3 items; p = 0.005) and available types of candy (−1.4 items;
p < 0.001). There were no significant differences in sugar-laden dry cereal availability (p = 0.090),
but low-sugar cereal significantly increased (0.4 items; p = 0.033).

Table 3. Changes in home availability of food items from baseline to post-intervention 1.

Food Group Baseline Follow-up Difference p Value

items

Fruit 7.7 (3.2) 9.4 (3.1) 1.7 0.004
Vegetables (excluding potatoes) 8.7 (2.9) 9.5 (2.8) 0.8 0.111

Sugar-sweetened beverages 3.2 (1.9) 1.7 (1.3) −1.5 0.004
Prepared desserts 3.0 (2.0) 1.7 (1.3) −1.3 0.005

Candy 2.0 (1.7) 0.6 (0.7) −1.4 <0.001
Sugar-laden cereal 2.4 (2.1) 1.8 (1.5) −0.6 0.090

High fiber/low sugar cereal 2.3 (1.4) 2.7 (1.4) 0.4 0.033
1 Values are presented as Mean (SD) and represent the number of items within each category present in the
household (n = 23). Mean values were compared using a paired samples t-test for normally distributed variables
(fruit and vegetables), or a Wilcoxon Signed rank test for all other variables. Emboldened p values indicate
statistical significance.

3.3. Changes in Kitchen and Refrigerator Food Accessibility

There were no changes in the number of households with readily accessible fresh fruit or vegetables,
dry cereal, regular soda, candy, or prepared desserts within the kitchen (Table 4). At baseline, chocolate
and strawberry flavored milk were accessible in seven and three households, respectively; those
products were not accessible at follow-up (p = 0.023 for chocolate flavored milk; n.s. for strawberry
flavored milk). Changes in refrigerator accessibility of beverages included significant increases in
100% fruit juice (+14 households; p = 0.001) and bottled/contained water (+13 households; p < 0.001),
a non-significant reduction in fruit drinks and sports drinks (−7 households; p = 0.065), and no changes
in regular or diet soda (p = 0.453 and p = 0.480, respectively). There were significant increases in
refrigerator-accessible ready-to-eat fruits (+9 households; p = 0.022) and vegetables (+11 households;
p = 0.007).

Table 4. Changes in kitchen and refrigerator accessibility from baseline to follow-up 1.

Food Item Pre Post Difference p Value

households
Kitchen accessibility

Fresh fruit 19 22 3 0.250
Fresh vegetables 5 6 1 1.000

Dry cereal 11 8 −3 0.375
Regular soda pop 3 2 −1 1.000

Candy 5 3 −2 0.688
Regular prepared desserts 2 3 7 4 0.289

Refrigerator accessibility
Flavored milk (chocolate) 7 0 −7 0.023

Flavored milk (strawberry) 3 0 −3 0.248
100% fruit juice 3 17 14 0.001

Fruit drinks/sports drinks 13 6 −7 0.065
Regular soda pop 9 6 −3 0.453

Diet soda pop 2 0 −2 0.480
Bottled/contained water 9 22 13 <0.001

Fresh ready-to-eat vegetables 8 19 11 0.007
Fresh ready-to-eat fruit 8 17 9 0.022

1 Values represent the frequency of households in which each item was accessible in the kitchen or refrigerator
(n = 23). The frequency of households having an item accessible in the kitchen or refrigerator was compared using
a McNemar Test. Emboldened p values indicate statistical significance; 2 Accessible regular prepared desserts
included cookies, cakes, cupcakes, and muffins. Emboldened p values indicate statistical significance.
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4. Discussion

Given that the HFE is a key influence on food choice and diet quality [30–32], effective intervention
strategies to increase the intake of fruits and vegetables among children include those that target
potential environmental determinants of intake, such as the availability and accessibility of these
items in the household [47]. This is particularly important among Hispanic families, given their
lower compliance with dietary guidance [16]. The current pilot study findings pose the possibility
for community-based programs to improve diet quality by increasing home availability of fruits and
WIC-approved cereal, while decreasing sugar-containing products. The intervention used for the
current study emphasized HFE improvements as part of the behavioral strategies promoted throughout
the program, particularly focusing on encouraging fruit and vegetable intake and reduced consumption
of sugar-containing foods and beverages. Furthermore, the intervention had a session dedicated to
discussing HFE improvements, including specific strategies to increase the home availability of fruit
and vegetables, and the replacement of sugar-containing foods with more healthy options.

In this study, intervention participation resulted in increased home availability of fruit but not
vegetables. Other interventions relying on self-reported data have also documented increased home
availability of fruit or vegetables in households with children [26,35,48], with greater changes in fruit
availability than vegetable availability [35]. Parents may be more likely to increase availability of fruit,
as those tend to be more acceptable among children than vegetables, and do not require additional
preparation (e.g., cooking) for consumption. Home environmental triggers may not impact fruit and
vegetable consumption in comparable ways. Evidence suggests that placing a fruit bowl on the table
may prompt increased fruit intake, while other factors such as culture-specific eating patterns practiced
in the home may determine the amount of vegetables consumed at meal times [27]. This represents an
opportunity to integrate more activities that focus on food preparation and cooking skills aimed at
including more vegetables in meals in future interventions.

Although the current study did not compare dietary intake data to the observed changes in the
HFE, previous research suggests that home food availability and accessibility play a role in consumption
behaviors, food preferences, dietary quality, and weight status [30,32,48,49]. Homes with more fruits
and vegetables available have been described as being overall more motivating and supportive for
both adult and child fruit and vegetable intake when compared to homes with low fruit and vegetable
availability [26,50]. This suggests the importance of combining parental encouragement for children to
eat fruits and vegetables while also providing a home environment to encourage this behavior.

The current intervention resulted in lower home availability of sugar-sweetened beverages,
prepared desserts, and candy. Home availability of sugar-containing foods and beverages has been
reported to impact sugar intake and health outcomes [48,51]. However, a systematic review of studies
assessing correlates or determinants of sugar-sweetened beverage consumption concluded that the
evidence associating intake with home availability is equivocal [52]. Nevertheless, some interventions
resulting in a lower home availability of sugar-containing foods have also reported reduced sugar
intake [53]. Given the disparities in diet quality observed among underrepresented populations [54],
strategies that reduce the availability of sugar-laden foods in the household may be good approaches
to reduce overall sugar intake and improve diet quality. Replication studies are needed in order to
compare results by differences in household racial and ethnic make-up.

Whereas this study is novel and adds to the literature on the HFE, several potential strengths and
limitations deserve mention. A major strength of the current study is that it assessed the HFE through
open inventories conducted by research staff during home visits instead of self-reported data, to avoid
recall and social-desirability biases [40]. However, social desirability bias could not be completely
eliminated given that home visits were scheduled, and study participants could have altered or hidden
food items and beverages in the home on observation day. Open inventories have not been used
to assess the efficacy of a behavior change intervention. Though this study attempted to evaluate
a potential causal relationship between the intervention and the HFE through the availability and
accessibility of fruits, vegetables, and sugar-sweetened products, the quasi-experimental design of this
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pilot study prohibits us from drawing causal conclusions. Household characteristics (e.g., household
size, physical layout of dining and kitchen areas, cultural practices) may also contribute to availability
and consumption behaviors. However, the study was strengthened by precautions to limit additional
influence on the HFE of participants, particularly through our efforts to reduce or eliminate social
desirability bias by collecting data through open inventories. Research assistants were extensively
trained in the use of the Home Food Inventory, but HFE data were not collected in duplicate due
to budgetary constraints. The lack of inter-rater reliability data is a methodological limitation of
the study. Only study participants who consented to the home visit were included in this analysis,
therefore the study sample may not be representative of the general population. Moreover, although
the original intent was to exclusively enroll Hispanic families in the study, participation of parents from
other ethnic groups limits the generalizability of findings to the overall Hispanic population. Parent
participant enrollment was based on their willingness and availability to attend sessions, rather than
their involvement in food procurement for the household. Focusing on the caregiver with the primary
responsibility on food purchasing and preparation may lead to a greater impact of future interventions.
The current analysis did not control for additional factors that may have affected findings, including
seasonality, holidays, household socioeconomic status, dietary restrictions from other family members
not enrolled in the study, and parental education. Though several culturally-relevant items were added
to the home food inventory prior to the start of the intervention, other popular items were not included
(e.g., papaya, jicama, radish). The analysis was limited to assessing food availability and accessibility
and did not confirm whether observed changes actually resulted in modified food intake. Feasibly
data regarding intervention implementation were not collected. Future work should collect feasibility
data in order to inform large scale implementation efforts. Finally, the study tool used to assess home
food availability was not quantitative (i.e., it captures variety but not amount of food items maintained
at home); this is a limitation for many validated inventory tools, including a tool comparably designed
to measure household food availability among low-income Mexican families [55].

5. Conclusions

Results suggest that the current intervention resulted in favorable changes in the HFE among a
sample of primarily Hispanic participants. Existing health education programs could benefit from
focusing on modifying the HFE to promote healthier eating behaviors of families, and health behavior
change interventions focused on modifying the HFE could utilize home visits as an additional feasible
measure of program efficacy. In addition to focusing on how to improve the HFE, programs should
also include strategies for navigating the food environment outside of the home. Future research
should explore the relationship between HFE and intake, dietary quality, and weight, incorporate
more food preparation activities aimed at including vegetables in family meals, and add strategies for
sustaining intervention effects after the intervention is completed.
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Abstract: Immigrants show higher adjusted diabetes prevalence than Italians, especially among
South-East Asians followed by North and Sub-Saharan Africans. Diabetes progression is influenced
by food behaviors, and diet control is a critical aspect in disease management. Food habits have
many cultural and symbolic implications. Guidelines recommend that every patient should receive
appropriate self-management education according to cultural and socioeconomic characteristics.
This study aims to test whether a customized diet and transcultural mediator’s support can improve
immigrants’ food habits. A pre-post quali-quantitative study was conducted among 20–79-year-old
Bangladeshi and North African diabetic immigrants. The INMP transcultural mediator, an expert
in the social and health care field, actively participates in clinical activity by decoding linguistic
and cultural needs expressed by the foreigner patient. Five culturally tailored dietary profiles were
designed according to international diabetes guidelines and adjusted to traditional food habits.
Data were collected with two different semi-structured questionnaires. Changes in food consumption
were assessed through McNemar’s test, while paired Wilcoxon Signed-Rank test was used to analyze
pre and post intervention. Fifty-five patients were enrolled. At follow-up, cereals, meat, and potatoes
intake significantly improved, and the number of adequate dietary habits for each patient increased
significantly. Transcultural mediator support was 90% positively evaluated. Adherence to dietary
control is favorably influenced by a transcultural intervention, which is based on clinical and
socio-cultural criteria, in compliance with patient’s lifestyles.

Keywords: migrants; diabetes; food habits; culturally tailored diet; transcultural mediator

1. Introduction

In 2019, the global international migrant population was around 272 million. International migrants
in Europe were about 82 million and in Italy around 6 million, representing 10% of the whole
Italian population [1]. The literature indicates a greater self-reported change in diet associated
with deterioration in health with increasing length of stay [2]. Low education level, lack of
employment, and negative self-perceived economic resources were conditions associated with the
risk of hospitalization, longer hospital stay, and greater recourse to urgent hospitalization [3].

The increased migratory phenomenon created new challenges for health systems, which have to
adapt to the needs of a multicultural society. World Health Organization (WHO) underlines the necessity
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of choosing adequate care models respectful of the patient’s culture [4]. Migrants appear more subject to
communicable diseases (CDs), due to disease patterns in their origin countries, poor living conditions,
precarious employment, and traumatic migratory experience [5]. However, non-communicable
diseases (NCDs) are increasing among long-term resident migrants [6]. The “healthy migrant effect”
tends to disappear over time. Unemployment increases and lower income also makes access to medical
care more difficult, particularly among the most fragile population groups, including migrants [7].
Adult male immigrants are at higher risk of experiencing avoidable hospitalization for diabetes than
Italians, with differences by area of origin, suggesting that they may experience lower access to and
lower quality of primary care for diabetes [8].

Type 2 diabetes is one of the most widespread NCDs. It represents a major health burden
worldwide and its incidence is increasing at an alarming rate. In Italy, immigrants show a higher
adjusted diabetes prevalence than Italians [9]. Moreover, different prevalence rates exist across ethnic
groups, with the highest among South-East Asians followed by North and Sub-Saharan Africans [10,11].

Diabetes progression is influenced by food behaviors, and diet control is one of the most critical
aspects of disease management [12–14]. Food habits have many cultural and symbolic implications [15].
Indeed, migrants tend to maintain their traditional food habits, despite their negative impact on
health. Food Balance Sheet indicate 2596 kcal/capita/day available in Bangladesh (data from FAOSTAT).
The staple foods are rice and tubers and pulses (lentils) and are widely consumed. Intake of vegetables,
fruit, meat, and fish is low. In North-African countries, food intake is, on average, 3300 kcal/capita/day.
Staple foods are cereals (wheat, rice, corn, or barley) and pulses (chickpeas), and sugar and sweeteners
are widely consumed. Intakes of vegetables, fruit (dates), and foods of animal origin is medium.
The consumption of pork and alcohol is absent in all countries due to religious prohibitions.

The proposal of non-culturally tailored diets for diabetes control usually fails [16]. Therefore,
strict adherence to traditional food, together with different language and religious beliefs, have been
identified as an informal barrier to access to healthcare [17–19].

Studies have demonstrated that culturally tailored diabetes educational interventions are effective
for improving glycemic control among ethnic minorities [20–23]. It was also observed that the more
distant the recommended diet is from the actual habits of the patients, the more difficult it is to promote
a good adherence to the nutritional therapy [24]. Guidelines recommend that every diabetic patient
should receive appropriate self-management education according to specific cultural, socioeconomic,
and literacy characteristics [20,25]. Cultural background influences the ability to adhere to indications
for healthy eating habits among ethnic groups [26]. Nevertheless, the role of a customized diet according
to immigrant culture in diabetes self-efficacy has not been highlighted in practice. The purpose of
this study is to test if a culturally tailored intervention, based on customized diet and transcultural
mediator’s support, can improve diabetic immigrants’ food habits.

2. Materials and Methods

A pre-post quali-quantitative study was conducted at the National Institute for Health, Migration,
and Poverty (INMP-Italy) outpatient clinic. The typical target of INMP are Italian and migrant
disadvantaged people, refugees, asylum seekers, homeless people, victims of prostitution trade,
unaccompanied minors, women with female genital mutilations, and victims of torture. Patients usually
are unemployed or have casual and part-time work. Their level of education is medium-low.
They often are undocumented, and cannot be registered within the Italian National Health Service.
Between January 2017 and April 2018, 20–79-year-old first-generation migrants from Bangladesh,
Maghreb (Tunisia, Morocco, Algeria) and Egypt were opportunistically recruited and screened for
diabetes. Screening was offered to every adult patient accessing INMP outpatient clinic for an internal
medicine examination and coming from the above-mentioned geographical areas. Only diabetic
migrants were enrolled after written informed consent. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Ethics Committee
of Istituto Superiore di Sanità (Italian higher institute for Health—PRE 565/16). Exclusion criteria
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included normoglycemic patients, not neo-diagnosed ones, people regularly followed elsewhere,
or who declined to participate to the study.

Two different semi-structured questionnaires were designed by the nutritionist. The baseline
questionnaire, with 25 items (7 open), aimed at investigating socio-demographic characteristics,
food habits, food choice determinants, barriers in dietary management, and contained a simplified food
frequency questionnaire (FFQ) [27,28]. The follow-up questionnaire included the FFQ and additional
16 items (7 open) aimed at analyzing customer satisfaction, adherence to diet and the recommended
activity levels. Customer’s satisfaction for perceived health conditions and the multidisciplinary
care received, adherence to the diet (referred), recommended level of physical activity (referred),
and usefulness of transcultural mediation were evaluated using a Likert scale ranging from (1) ‘very low’
to (5) ‘very high’.

Anthropological support was critical for including socio-cultural and migration-focused items.
In particular, the anthropologist contributed to design the baseline questionnaire aimed at identifying
the salient stages of the migratory path and related main breaking points that may have affected eating
habits. The anthropologist’s support was also important to contextualize the social environment of the
patients and highlight potential barriers to diet adherence (e.g., domestic overcrowding, loss of family
ties, social hierarchy and roles, different meanings of the reasons for migration). This information was
critical for the nutritionist to conduct an in-depth interview. The questionnaires were previously tested
on a number of pre-diabetic patients who helped to circumscribe the list of customized questions,
then included in the final questionnaire.

The multidisciplinary team included a nutritionist, a diabetologist, a medical anthropologist,
medical dietitians, nurses, and three transcultural mediators (two Bangladeshi and one Arabic).
The INMP transcultural mediator is an expert in the social and healthcare field who actively participates
in routine clinic activity by decoding linguistic and cultural codes in the relationship between the
foreign patient and Italian health professionals. In this project, transcultural mediators were also
skilled on diabetes management to best contribute to a culturally oriented care model for foreign
diabetic patients. Five culturally tailored dietary profiles were developed by the nutritionist supported
by the diabetologist. Each one followed the international diabetes guidelines and was adjusted
according to traditional food habits, as reported by the literature [29]. Based on a conventional diet for
diabetic patients, profiles were designed according to traditional dishes, typical spices, and cooking
techniques, giving preference to food preparations suitable for diabetic patients. In particular, the main
cereals chosen for Bangladeshi and Egyptian diet were rice and wheat or derivatives such as ruti for
Bangladesh or bread for Egypt. The main cereal used for Maghreb countries was wheat or derivatives
such as bread, couscous, or pasta. For each profile, alternative menus were provided. Transcultural
mediators contributed to creating a more suitable dietary profile suggesting national dishes and food,
respectful of religious restrictions. Table 1 shows an extract of 2 out of 5 profiles created (only main
meals/not during Ramadan).

A diet plan was prepared by the nutritionist according to the patient’s culture of origin as described
above. At baseline (T0), patients were recruited by the diabetologist according to their age and country
of origin. Diabetic patients were enrolled and interviewed by the nutritionist. Information collected
with baseline questionnaire (pre-questionnaire) allowed to customize each dietary profile according to
patients’ lifestyle and social determinants of health, such as purchasing power, ease of consumption,
and family habits. Together with the culturally tailored dietary, patients also received nutritional
counseling using translated iconographic material (seasonal fruit and vegetable calendar). Patients who
completed the baseline questionnaire were sent to the San Camillo-Forlanini Hospital Diabetic Center
of Rome, where the dietitian finally planned a balanced intake diet. Customized diets were available
both in Arabic or Bangladeshi and Italian. The administration of the 6-month-follow-up questionnaire
(post- questionnaire) completed the intervention. Transcultural mediators actively participated to each
setting. Figure 1 presents the study workflow.
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Table 1. Culturally tailored dietary profiles for North African and Bangladeshi diabetic patients:
Two main meals extract.

Main Meal Bangladesh Egypt

Breakfast
Salty

Tea/coffee (sugar free) with ruti and boiled
shak vegetable (no peas or potatoes)

Sweety
Light yogurt and sugar free tea with biscuits

Lunch

A meal of parboiled/brown rice and salad as
aperitif

Rice with dhal
or

Rice with meat/fish curry
or

Rice with shobji and eggs
or

Rice with shak

A meal of parboiled/brown rice
Koshari and vegetables

or
Sayydaiah and rice with vegetables

or
Melokhia with meat and rice

Dinner

Ruti with shobji (no potatoes) and light yogurt
or

Fish rui/tengra/rupchada with turmeric and ruti
or

1
2 ruti with aloo

or
Ruti with dhal

Couscous with chickpeas/fish/meat and
vegetables

or
Pasta with vegetables/meat/fish sauce and

salad

ruti: Flat-bread made with millet flour, barley, wheat (without yeast); shak: Broad leafy vegetables (beet, spinach,
chicory); shobji: Vegetables (zucchini, tomatoes, cauliflower, cabbage, onion, green beans, pepper, pumpkin);
salad: Salad of lettuce, tomatoes, cucumber, onion with coriander; dhal: Lentils (cream); rui: River fish (Labeorohita);
tengra: River fish (Mystustengara); rupchada: Sea fish (Pampuschinensis); aloo: Potatoes; koshari: A rice with pulses dish
(lentils or chickpeas); sayydaiah: A fish dish; melokhia: A spinach soup.
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The questionnaires were administered by the nutritionist supported by the transcultural mediator,
at the baseline, and at the follow-up (after 3 and 6 months). Each T0 interview took about 45–50 min
and each T1-2 one 30–40 min in a comfortable environment. Information collected with FFQ was used
to classify dietary habits.

Level of food consumption was dichotomously categorized (‘adequate’ or ‘non adequate’)
according to diabetes guidelines [30]. Changes in food consumption were assessed through McNemar’s
test, while paired Wilcoxon Signed-Rank test was used to analyze pre- and post-intervention differences
in food habits of each patient. Only differences with p < 0.05 were considered statistically significant.

Statistical analyses were conducted in R software (version 3.5.1; R Foundation for Statistical
Computing, Vienna, Austria) [31]. Post-hoc power analysis was done by using G*Power (version 3.1.9.7;
Universitat, Kiel, Germany) [32]. The incisiveness of the culturally tailored intervention was assessed
using a constant comparative method (CCM).

3. Results

Fifty-five patients were enrolled. Table 2 describes patients’ socio-demographic characteristics,
while Table 3 presents principal food choices and main barriers encountered in dietary management.
Most participants were males, Bangladeshi, and living in rented accommodation with family or
compatriots. Many of the interviewed were satisfied with their food habits and the majority reported to
follow a typical or like-typical diet from the origin country, according to ‘their taste’ or because of ‘no real
free choice’, especially those who did not live alone, or for scarce personal finances. Generic inadequate
food intake and excessive sugar consumption were identified as the worst dietary habits.

Table 2. Socio-demographic characteristics of patients (n = 55).

Characteristic M (Range) n %

Sex (n, %)
Male 49 89

Female 6 11

Age, y (M, range) 44.3 (22–65)
≤29 3 5

30-39 14 25
40–49 20 36
≥50 18 34

Origin (n, %)
Bangladesh 37 67

Morocco 10 18
Algeria 2 4
Tunisia 1 2
Egypt 5 9

Religion (n, %)
Muslim 53 96

Hinduism 2 4

Qualification (n, %)
Not schooled 7 13

Junior high school diploma 28 51
High school diploma 11 20
Degree and beyond 9 16

Area of origin (n, %)
Rural area 21 56
Urban area 24 44

Living in Italy, y (M, range) 11.4 (0–41)

179



Int. J. Environ. Res. Public Health 2020, 17, 8932

Table 2. Cont.

Characteristic M (Range) n %

Accommodation (n, %)
House rent with family or compatriots 36 66

As guest 9 16
Migrants helter 5 9

Homeless 4 7
Own house 1 2

Juridical status (n, %)
Irregular 26 47
Regular 29 53

Work (n, %)
Unemployed 16 29

Employed 39 71

Table 3. Food habits, barriers, and motivations in dietary management of patients (N = 55).

Items Categories n %

Degree of satisfaction with the diet 1

1 6 11
2 4 7
3 17 31
4 12 22
5 16 29

How much diet have changed after arriving
in Italy 2

1 9 16
2 9 16
3 14 26
4 10 18
5 13 24

Kind of diet followed in Italy Only or mainly typical of own country 40 73
Only or mainly Italian 15 27

Principal reasons

«I prefer it» 31 56
«I have no choice» 20 36

«People who cook for me prefer it» 2 4
«It’s cheaper» 1 2

«Other» 1 2

Most common bad dietary habits

«I don’t know» 32 57
«I eat badly (qualitatively)» 11 20

«I eat too many sweets» 7 13
«I often eat out of meals» 2 4

«I eat too much» 1 2
«Other» 2 4

What the patient eats depends on...

«My personal taste» 27 49
«What I find ready to eat» 13 24

«Taste of people I live with» 11 20
«How much money I can spend» 3 5

«What is given to me (food parcels, gifts)» 1 2

Principal difficulties in management of
food behaviors

«Eating well is expensive» 11 20
«I don’t have any difficulties» 21 38

«I have no choice» 7 13
«Laziness or lack of time» 4 7

«I always have stomachache» 2 4
«Respect for religious prescriptions» 1 2

«Fear of forgetting the origins» 1 2
«Other» 8 14

1 from 1 ‘very bad’ to 5 ‘excellent’. 2 from 1 ‘not at all’ to 5 ‘completely’.
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Thirty patients completed the follow up. Four out of the 25 dropouts were caused by returning to
their origin country, three patients had a seasonal work far from the outpatient clinic, and one was
hospitalized, whereas we do not have information about the remaining 17 dropouts. No particular
socio-demographic differences were found between this group and the rest of the patients.

Patients’ food habits improved at six-month follow-up. As shown in Table 4, the number of
patients with adequate consumption increased in almost all food categories. Significant changes were
reported for cereals and derivatives (p = 0.04), meat (p = 0.02) and potatoes (p = 0.03). Furthermore,
the number per patient of food categories in which adequate consumption was reached in adequate
dietary habits significantly improved (p < 0.001). The power of Wilcoxon Signed-Rank test (1-β) turned
out to be as high as 0.99 at the effect size of 1.25, α = 0.05, and the given sample size. For changes in food
consumption assessed through McNemar’s test, when the significance level was set at 0.05, post hoc
power analysis results of cereals and derivates, meat, and potatoes were 0.60, 0.94, and 0.77, respectively.

Table 4. Food frequency before and after six months (n = 30).

Food Categories
Patients with Adequate Consumption n (%)

Before After ∆

Daily
Meals (4–5) 7 (23.3) 13 (43.3) +6 (+20.0)

Fruit and vegetable (3–5) 5 (16.7) 10 (33.3) +5 (+16.6)
Cereals and derivatives (3) 7 (23.3) 14 (46.7) +7 (+23.4) 1

Milk and yogurt (1–2) 15 (50.0) 18 (60.0) +3 (+10.0)

Weekly
Meat (2–3) 3 (10.0) 12 (40.0) +9 (+30.0) 1

Legumes (≥ 2) 24 (80.0) 26 (86.7) +2 (+6.7)
Fish (≥ 2) 26 (86.7) 27 (90.0) +1 (+3.3)

Potatoes (≤ 2) 19 (63.3) 27 (90.0) +8 (+26.7) 1

Cheese (≤ 2) 24 (80.0) 27 (90.0) +3 (+10.0)

Monthly (rare)
Snack 22 (73.3) 21 (70.0) −1 (−3.3)

Alcohol drinks 30 (100) 29 (96.7) −1 (−3.3)
Soft drinks 16 (53.3) 18 (60.0) +2 (+6.7)

Nr of adequate dietary habits
per patient (median) 7 8 +1 2

1 Statistically significant changes assessed by one-tail McNemar’s test p < 0.05. 2 Statistically significant changes
assessed by Wilcoxon Signed-Rank test p < 0.05.

With regard to patients’ feedback, 93% reported a positive life change after nutrition
recommendations. Customer satisfaction was generally high, both regarding perceived health
conditions (average score = 3.7) and the multidisciplinary care received (average score = 4.9).
Compliance to diet (average score = 3.3) and to recommended level of physical activity (average score
= 3.9) was moderately good. Support from transcultural mediators was positively evaluated by 90%
with an average score of 4.6. The main comments from the patients were: ‘To better understand what my
illness consists of ’, ‘In order to communicate better with my doctor’, ‘For clearer information on how/when to
visit’, ‘To better understand the dietary indications or how take medicine’, ‘I didn’t feel alone’, ‘They accompanied
me to the doctor’, ‘Finding a person from your country who explains in your language is a fact that makes you
feel comfortable, you feel welcomed’.

4. Discussion

The intervention had a significantly positive effect on patients’ eating habits, a critical step for
the management of diabetic patients. At the six-month follow-up, improvement in dietary habits
and diabetes management was achieved. Positive effects were reported for almost all considered
food categories. The best results were observed for meat, potatoes, and cereals and derivatives.

181



Int. J. Environ. Res. Public Health 2020, 17, 8932

Initially, their intakes were really high due to cultural food habits. Excessive daily cereal intake
decreased in favor of wholegrain foods. The suitable intake of fruit and vegetables increased, as well
as appropriate number of daily meals. On the contrary, snacks and soft drinks consumption were still
high mainly among Bangladeshis and Moroccans. They represent typical comfort foods and a risk
factor for diabetes and cardiovascular disease [33], difficult to reduce because of their gratifying power.
Dietary habits in affluent countries are characterized by high sugar and carbohydrate consumption
and this seems to be related to high total and cardiovascular mortality [33]. The literature indicates a
greater self-reported change in diet being associated with worsening health conditions at increasing
immigrants’ length of stay [2,34].

At baseline, food habits of patients included in the study were unhealthy, and there was urgent
need to implement nutritional interventions to improve their health status. The aim of this study was to
assess how the culturally tailored intervention, based on a customized diet and transcultural mediator’s
support, affects dietary changes. Our study confirmed that migrants maintain their country’s food
habits for multiple reasons, but it underlines that it is also possible to direct the diet towards healthy
paths by leveraging cultural aspects. However, in our study, we were not able to confirm a significant
relationship between the ease of adapting to a healthier diet and the immigrants’ length of stay in Italy.
Cohabitation with only one cooker and economic constraints play a decisive negative influence on
diet. Additionally, food choices are affected by low or absent purchasing power. Above all, in low-
and middle-income patients, the use of mobile phones may be useful [35], and at the same time
a technological effort is needed to protect the data collected in the design process of personalized
nutritional therapies [36]. Other intervention strategies for eating behavior improvement emphasize
the involvement of social and health workers of the same language in the case of Arabic patients [37].
However, strong adherence to culturally oriented diet and to religious prescriptions often puts diabetes
self-management in the background when patients are not correctly informed [38]. According to
Bailey et al. [39], identifying food choices determinants is essential for achieving good adherence to
diet and reduce dropouts. Using traditional food to design appropriate dietary profiles has been the
key to overcome cultural barriers [40]. Nutritional counseling and the choice of personalized diets
have been oriented towards the eating habits of the countries of origin, promoting the healthiest ones
(e.g., fish and legumes for Bangladesh, unique dishes for North Africa). The limiting factors and the
barriers to access to correct lifestyles have been contextualized with the specific social determinants of
the person’s health: Economic availability, time to devote to buying and preparing dishes, place of
consumption of main meals, and responsible of daily nutrition. Particular attention was paid to the most
dangerous categories of foods for a diabetic patient, rich in starch, correcting the excess consumption of
meat. Patients’ culture and lifestyle were respected. Adapting diets to people’s cultural background can
help reinforce the impact of dietary interventions. In our study, the cultural aspects of the intervention
were stressed. Alongside with a culturally tailored diet, transcultural mediators were central for the
success of the intervention. As evidenced by the words of the interviewees, they were fundamental to
establish a ‘pact with the patient’ and support the process under both linguistic and logistic aspects.
Many patients have highlighted how the mediator is ‘listening’, ‘in tune with’, activating a deeper
feeling. The mediator physically accompanying the patient represented a sort of ‘protective network’,
providing the patient with both critical orientation to services and psychological support.

To our knowledge there are no studies investigating the efficacy of a culturally tailored diet
administered with the support of a transcultural mediator. Nevertheless, there are increasing indications
that personalized dietary advice is more effective than generic nutritional information provided to
consumers. Advices can be personalized in different ways: Personal preferences, self-formulated
goals, eating habits, health status, or DNA profile [41,42]. Interventions of personalized medicine are
also designed on the basis of behavior and social determinants such as personal and family history,
cultural background, and personal beliefs and preferences [43].

Our study limitations include the lack of sex balance. Migration from Bangladesh to Italy is
predominantly male and low participation of women in the sample was consistent with migratory
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flows. Many studies highlight the inequalities in the quality of healthcare access to specialized
care and inappropriateness, due to migrant status and gender [44–46]. Difficulties were recorded to
recruit women, notwithstanding the involvement of migrant reception centers and the organization
of ‘awareness days’ in aggregation places. The role of gender differences in food supply should be
investigated to understand if it can influence adherence to nutritional treatment. Due to the limited
number of patients engaged, it was not possible to make any comparisons between countries of origin,
nor provide clear-cut conclusion on the entire migrant population in Italy. Furthermore, although a
12-month follow-up could have been useful to confirm the improvement in eating habits, a longer
follow-up was not feasible, given the characteristic mobility of the population recruited in the study.
A strength of this study is that in-depth interviews allowed to get useful elements to better direct the
patient towards healthier food habits, forms of cooking and preparation of the recipes, in respect of
their culture and lifestyle.

5. Conclusions

This study underlines the importance to preventively evaluate the feasibility of nutritional therapy
according to patient’s lifestyle and to analyze the difficulties actually perceived by patients in accessing
and continuing care [47,48]. In order to develop appropriate nutritional interventions for diabetes care,
it has been critical to first manage formal barriers, such as legal restrictions and low-income lifestyle,
evaluating patient’s working hours, distance from the medical center, and returns for main meals in
the reception centers.

Nutritional interventions based on both clinic and socio-cultural criteria and on the support of
transcultural mediator are functional for improving diabetic immigrant’s compliance to the therapy
and healthier food habits.
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Abstract: The aim of this study was to explore and construct spatial indicators suitable for green café
ambience. The indicators were further empirically verified. A three-round questionnaire survey,
based on the Delphi method, was conducted with 15 experts, including university professors (food
and beverage services management and interior environmental design), café operators, and personnel
from government agencies. Data were collected, and the results on the characteristics of the repeated
feedback from the experts were convergent. Thirty-six indicators suitable for the design of green café
ambience were extracted, of which 17 were verified by actual cafés as highly operable. The five-sense
indicators of sustainable green ambience design obtained in this study can facilitate positive customer
experiences and enhance the appeal of maintaining sustainable green trends for cafés. These indicators
can also provide references for café operators in business planning and green café ambience design.

Keywords: café; green ambience; Delphi method; indicator design

1. Introduction

In recent years, the issue of green sustainability has been attributed increasingly more importance
around the world, and the concept of green consumption is trending. The question of how to apply
this concept to the food and beverage service industry to reduce its adverse environmental impact is
becoming important in the catering industry [1–3]. According to Chiang [4], in Taiwan, cafés have
flourished in the streets and alleys of cities in recent years, providing quality dining spaces, food service,
and situational experiences and becoming one of the fast-growing food and beverage industry sectors
as well as an important part of the social life of locals. Consumers go to cafés not just to drink coffee
but also to enjoy their ambience [5].

When consumers choose a restaurant, environmental factors affect their choice [1,3,6]. Influenced
by the awareness of green sustainability, consumers have realized that green spaces function as
ecological environments, and the introduction of a green theme can attract customers and thus create
economic value [7]. Previous studies have also pointed out that café operators need to react quickly to
new trends in coffee consumption and be able to provide new experiences to consumers [8]. Usually,
the creation of an appropriate environment and ambience can benefit the sale of food and beverage
products, provide positive sensory stimuli to consumers, and produce a unique style for the store that
attracts consumers and strengthens their loyalty [9–11]. According to Kim and Jang [12], café managers
need to foster a relationship between consumers and such venues so that consumers form a sense of
place attachment. However, in the design of cafés in Taipei, Taiwan, in the past, only the visual sense has
been paid attention to, while consumers’ overall comprehensive feeling based on the information they
receive through their 5 senses (touch, sight, hearing, smell, and taste) and then assess this information
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via the brain has been overlooked. Therefore, the innovation and contribution of this study stem from
its evaluation of green sustainability-themed ambience indicators in 5 dimensions, which supports
the more comprehensive design of the necessary ambience for sustainable green cafés.

Since the Industrial Revolution in the eighteenth century, industrialization has caused serious
environmental damage, and environmental protection and sustainable management have become global
issues. To maintain economic growth while mitigating environmental damage, many governments
have been actively promoting sustainable green industries, to which the hospitality and food services
industries belong [1,3]. Xu and Jeong [13] found that most environmental protection actions in
the past have focused on environmental problems caused by the manufacturing industry and that,
more recently, as consumer environmental awareness has improved, people have gradually realized
that the hospitality and tourism industries also exert an impact on the environment. The food and
beverage services industry is an important part of the tourism industry, consuming a significant
proportion of resources used by the tourism system as a whole [2]. However, while the issue of
green sustainability has begun to receive attention in the food and beverage industry, sustainable
environmental design for cafés in Taiwan has rarely been addressed in depth, indicating a research
gap. Thus, in this study, we wanted to answer the following questions: (1) What are the important
indicators in the analysis of options for the ambience design of sustainable café in Taiwan? (2) What
are indicators that can be used in analysing options that can be implemented in cafés?

Therefore, in this study, based on the basic principles of the Green Restaurant Association (GRA),
we examined the development of green restaurants and the potential development patterns of green
cafés and their integration of different aspects of ambience; based on the 5 dimensions of ambience
proposed in a previous study [14], we investigated and constructed 5 system dimensions, i.e., auditory
ambience, visual ambience, tactile ambience, olfactory ambience, and taste ambience, according to
selection criteria with respect to balance, feasibility, operability, independence, and systematicity
to construct an index system for the evaluation of green café ambience design that is of practical
significance to the coffee and beverage services industry and consumers. Therefore, the objectives of
this study were as follows:

1. To investigate and construct the indicators that are important to and suitable for green café
ambience design

2. To empirically analyse indicators with high operability that are suitable for green café
ambience design.

2. Literature Review

2.1. Green Food and Beverage Industry

In the late 1990s, due to environmental pollution, countries began to attach importance to
environmental protection and sustainable development [3]. Compared with the concept of general
environmental protection, green environmental protection started late in the catering industry,
but because the catering industry is prone to a plethora of resource waste and pollution issues,
the concept of “green restaurants” emerged in response to the call for green environmental
protection [15,16].

The term “green” has become a synonym for pollution abolishment and environment protection,
signifying health and sustainability [3]. The essence of green restaurants is to protect the global
environment and create an environmentally sustainable catering industry in a way that reduces adverse
impacts on the environment while providing products and services to meet people’s needs and improve
their quality of life [2]. The international environmental protection movement that has developed
since the 1970s has re-examined the environmental damage caused by rapid economic development
after the Industrial Revolution and has prompted people to pay increasingly more attention to the idea
of environmental protection. The state, enterprises, and citizens can contribute to the sustainable
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development of the environment, and “eating and drinking”, the most common behaviour in daily life,
could be the most feasible way to promote the concept of a green diet [1,15].

The GRA was established in 1990; their mission is to help the catering industry become
an environmentally sustainable business while promoting energy conservation. An increasing number
of restaurants are designing suitable plans for environmental protection measures. For example,
food material procurement, tableware material, recycled paper use, waste processing, water resource
use, etc., have become important aspects in the design of green restaurants. In 1995, the GRA issued
a green restaurant standard that includes 7 items, i.e., saving water, reducing waste, using sustainable
furniture and building materials, using sustainable food materials, saving energy, reducing the use of
disposable products, and reducing the use of chemical products and pollutants, and they advocated
for the annual education of employees regarding environmental protection [17].

2.2. Ambience

With economic growth and social structural transformation, people’s requirements for quality of
life are increasing day by day, which is reflected, in particular, in the transition from dining solely for
the purpose of having a meal to dining with a focus on the food itself and the restaurant environment,
which are aspects that are becoming increasingly emphasized [18]. Baker et al. [19] suggest that
consumers’ sentiment is often related to consumption ambience; the design and creation of ambience
can create a favourable consumption situation for an establishment, fostering positive consumer
emotions [20]. Liu and Jang [21] also note the significant impact of ambience on customer emotions.
Clearly, consumer demand for catering quality no longer concerns only dining but also concerns eating
well, so the physical environment of the restaurant and dining ambience affect their consumption
mood, which is closely associated with ambience. Schmitt [14] argue that the creation of ambience
can affect consumers’ perceptions of products. In a literature review, Turley and Milliman [22] note
that environmental factors such as lighting, music, temperature, smell, interior design, and tableware
placement are important for creating ambience in a restaurant. Therefore, providing a good environment
can enhance consumers’ consumption experience, making them happy.

When cafés flourish, this indicates that the consumer population is also expanding. Current
consumers have developed different coffee consumption patterns from those of past consumers.
Previously, people went to cafés for social, leisure, and dining purposes, but now, they want to relax
and relieve stress at cafés [23,24]. With this transformation, when choosing a café, consumers pay
attention not just to internal factors, such as products and services, but also to external factors, such as
the ambience of the café itself [25]. The experience created by ambience in a café and the design
and creation of ambience have become the main factors that attract consumers and influence their
consumption behaviours [26]. Schmitt [14] note that the development of sentiment is most intense
during consumption, for which the consumption ambience is the most important; consumers construct
their perceptions of the world through the 5 senses, i.e., touch, sight, hearing, smell, and taste,
which enable customers to have good consumption experiences, deepening their positive impressions
while increasing their return rate. Therefore, multi-sense designs have become a trend for stores to
increase consumer appeal [9,15,27,28].

2.3. Ambience Creation and Sensory Experience

Chen et al. [6] show that proper ambience creation and sensory experience have positive
impacts on consumer emotions. The design of a restaurant’s environment and ambience can enable
consumers to generate more consumption desires and specific attitudes and behavioural responses [29];
thus, restaurant managers should improve service quality and adopt marketing strategies that meet
the needs of the restaurant to improve consumer satisfaction [30]. Turley and Milliman [22] also
indicate that a restaurant’s ambience can positively affect consumer satisfaction with meals.

Furthermore, Leena [31] argue that in addition to providing meals, to increase competitiveness,
the catering industry needs to provide consumers with a comfortable dining environment. Importantly,
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the design of a restaurant’s ambience affects consumer satisfaction and behaviour [32]. To improve
consumer satisfaction, food and beverage service providers must understand and design the appropriate
ambience for their establishments to improve consumers’ positive emotions, which in turn will affect
an establishment’s market competitiveness. Moreover, Rhee et al. [29] show that the design of
a restaurant’s ambience enables consumers to have higher consumer sentiment and specific attitudes
and behavioural responses. Hamlin [33] also note that sensory designs have great impacts on consumers
and that emotions can play a key role for many consumers. Consumers are paying an increasing
amount of attention to an establishment’s ambience when they make patronage choices because
the ambience affects their emotions [34].

Therefore, sensory stimulation-focused ambience designs can trigger consumers’ consumption
sentiment, enhance their purchase intention, and lengthen their time spent in an establishment;
ambience design for different consumer groups can have a key impact, the degree of which should
not be underestimated [23,35]. In summary, environmental issues have become the focus of attention
in various countries. If we can introduce the concept of green restaurants to Taiwan, it will be
feasible to apply this concept in cafés through the creation of a five-sense ambience experience so that
consumers’ green and sustainable ambience experience is taken into account in the design of green
and environmentally friendly cafés and so that their consumption experience and overall image of
the café are enhanced

3. Materials and Methods

Based on the Delphi method, we collected and analysed data, determined the indicators,
and constructed a research framework according to the aforementioned research motivation, objectives,
and literature review; the details of those processes are described below.

3.1. Indicator Selection

In this research, we drew on the green restaurant standard proposed by the GRA; the five-sense
experience proposed by Schmitt [14], Bitner [36] and Kotler [37]; and the guidance on choice criteria that
take into account balance, feasibility, operability, independence and systematic aspects recommended
by Dalkey and Helmer [38] on the basis of the 5 dimensions of ambience. Based on these references,
we constructed 5 system dimensions: auditory ambience, visual ambience, tactile ambience, olfactory
ambience, and taste ambience.

3.2. Selection of Subjects for the Delphi Method-Based Questionnaire Survey

This aim of this study was to establish criteria for the design of green ambience in cafés. Because
the scope of issues is associated with the management of food and beverage services and the planning of
environmental policy and infrastructure, experts from these fields were included as subjects. According
to Dalkey and Helmer [38], for the Delphi method, a sample size of over 10 individuals can decrease
the group-level error and thus achieve the highest reliability, which can be achieved by including
51–0 individuals in the case of a heterogeneous group. The participants of this study included college
professors (catering services management and interior design), experts from government agencies
responsible for overseeing catering businesses and protecting the environment, and café operators,
constituting a heterogeneous group. For the rigour of the study, the number of experts recruited for
this study was set at 15 (Table 1).

Table 1. Proportions of experts from different fields.

Expert Category
Food and Beverage

Business Management
and Interior Design

Government Agencies Café Operator

Number of experts 5 5 5
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3.3. Questionnaire Design and Distribution

Green et al. [39] demonstrated that for the Delphi method, 2 or 3 questionnaire rounds will
lead to consensus, and therefore, a further increase in the number of questionnaire rounds will not
affect the results because respondents will no longer change their answers to the questionnaire items.
Therefore, in this study, we conducted a three-round questionnaire survey to reach a consensus
among the participating experts. The questionnaire was scored using a Likert scale (very important
or very easy = 5 points; important = 4 points; fair = 3 points; not so important = 2 points;
not important at all = 1 point; and no opinion or cannot decide = 0 points).

After the first-round questionnaire was collected, the average score and standard deviation of
each candidate indicator were calculated. For the second-round questionnaires, the scores for each
candidate indicator and the average score for each candidate indicator obtained in the first-round
questionnaire were included; this allowed the experts could score the indicators in the second-round
questionnaire in terms of their importance and operability in reference to the answers that the others
experts provided and the average score for each indicator in the previous round.

Further, as described above, based on the experts’ suggestions and comments made in the first
round, which were included in the second-round questionnaire, the wording of some candidate
indicators was revised without changing the original meaning, and 6 new candidate indicators
were added. This process resulted in the second-round questionnaire, which contained a total of
103 candidate indicators. After the second-round questionnaire was collected, the average score
of the experts for each candidate indicator was calculated, which, together with the score for each
candidate indicator provided by each expert, was included in the third-round questionnaire to provide
information for scoring the indicators in terms of their importance and operability. This process
resulted in the third-round questionnaire. Finally, after the third-round survey was completed using
the formal questionnaire, stability analysis was performed on the first-round and the second-round
questionnaires and the second-round and third-round questionnaires. The average score and standard
deviation of each candidate indicator in the third-round questionnaire were calculated (Figure 1).

Int. J. Environ. Res. Public Health 2020, 17, x 5 of 15 

 

Green et al. [39] demonstrated that for the Delphi method, 2 or 3 questionnaire rounds will lead 
to consensus, and therefore, a further increase in the number of questionnaire rounds will not affect 
the results because respondents will no longer change their answers to the questionnaire items. 
Therefore, in this study, we conducted a three-round questionnaire survey to reach a consensus 
among the participating experts. The questionnaire was scored using a Likert scale (very important 
or very easy = 5 points; important = 4 points; fair = 3 points; not so important = 2 points; not important 
at all = 1 point; and no opinion or cannot decide = 0 points). 

After the first-round questionnaire was collected, the average score and standard deviation of 
each candidate indicator were calculated. For the second-round questionnaires, the scores for each 
candidate indicator and the average score for each candidate indicator obtained in the first-round 
questionnaire were included; this allowed the experts could score the indicators in the second-round 
questionnaire in terms of their importance and operability in reference to the answers that the others 
experts provided and the average score for each indicator in the previous round. 

Further, as described above, based on the experts’ suggestions and comments made in the first 
round, which were included in the second-round questionnaire, the wording of some candidate 
indicators was revised without changing the original meaning, and 6 new candidate indicators were 
added. This process resulted in the second-round questionnaire, which contained a total of 103 
candidate indicators. After the second-round questionnaire was collected, the average score of the 
experts for each candidate indicator was calculated, which, together with the score for each candidate 
indicator provided by each expert, was included in the third-round questionnaire to provide 
information for scoring the indicators in terms of their importance and operability. This process 
resulted in the third-round questionnaire. Finally, after the third-round survey was completed using 
the formal questionnaire, stability analysis was performed on the first-round and the second-round 
questionnaires and the second-round and third-round questionnaires. The average score and 
standard deviation of each candidate indicator in the third-round questionnaire were calculated 
(Figure 1). 

 
Figure 1. Delphi process. 

3.4. Choice and Verification of Actual Cafés and the Design of the Verification Questionnaire for Actual Cafés 

Figure 1. Delphi process.

191



Int. J. Environ. Res. Public Health 2020, 17, 8957

3.4. Choice and Verification of Actual Cafés and the Design of the Verification Questionnaire for Actual Cafés

To verify the indicators of green café ambience designed in this study, after applying the Delphi
method, we issued questionnaires to 10 non-chain cafés in Taipei to empirically strengthen
the applicability of the findings from this study. Cafés that had more than 20 tables, sold coffee
drinks and light food, were located in business areas of Taipei City, and had a unique decoration
style were chosen. A total of 36 indicators of green café ambience design with high operability were
analysed and verified through a questionnaire survey administered to on-site to owners or managers
of 6 cafés; the questionnaires were answered anonymously and were scored using a Likert scale (very
important or very easy = 5 points; important = 4 points; fair = 3 points; not so important = 2 points;
not important at all = 1 point; and no opinion or cannot decide = 0 points).

3.5. Data Processing and Analysis

Based on the questionnaires issued in this study, in addition to the collation and revisions based
on experts’ opinions, the data for the quantitative part of the questionnaires were measured using
the average score as the standard measure of the importance of the indicators. According to Linstone
and Turoff [40], stability can be used to determine whether experts’ opinions on questionnaire items
are consistent and stable, the details of which are described below.

3.5.1. Stability Analysis

In the stability analysis, after the administration of the first-round and second-round questionnaires
and the second-round and third-round questionnaires, the numbers of respondents who revised their
scores for each indicator (scored based on a 5-point Likert scale, in which very important = 5 points and
not important at all = 1 point) were added and then divided by 2, yielding the number of respondents
who revised their opinions. This number was then divided by the number of total respondents who
participated in the questionnaire survey, yielding the stability index.

3.5.2. Screening of Averages

Through the feedback component of the Delphi method, each item of the recovered questionnaire
was listed, and its importance and operability were determined; furthermore, the score provided by
each participating expert was provided so that others’ feedback on each item could be known without
the need for the experts to directly communicate with each other and so that the feedback could be
used as a reference [38].

After the experts’ opinions for the first-round questionnaire were integrated, the average score
of each candidate indicator was calculated; then the average of each indicator for the first-round
questionnaire was included in the second-round questionnaire to provide a reference for the experts
when they answered the second-round questionnaire; after the second-round questionnaires were
recovered, the average of each indicator was also calculated individually and included in the third-round
questionnaire, and the experts’ opinions were similarly revised for the third-round questionnaire.
The above processes were repeated until the questionnaire results were consistently convergent when
statistical analysis of the results was performed. In addition, after the third-round questionnaire
survey was completed, indicators with a stability index greater than 15% were excluded through
the stability analysis.

Finally, based on the overall average score, the average score for each dimension,
and the importance score (of 4 points or above) obtained from the third-round questionnaire, the average
selection process was performed on each of the retained indicators. Through the observation of
the structure and distribution of all averages, a suitable index was chosen as the basis for the third-round
screening of the indicators. The screening principle used to generate this value needed to allow
a complete structure of the overall index system for green café ambience to be maintained, i.e., with at
least one indicator from each dimension with a final score of 4 points or above retained in the final list
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of indicators based on the average importance score of the third-round questionnaire indicators (with
a score of 4 or above).

3.5.3. Discussion based on the Standard Deviation

The consistency of the experts’ opinions was measured using the standard deviation; the greater
the standard deviation was, the higher the inconsistency on the item among the experts, and vice
versa [38].

The calculation of the standard deviation was intended to examine the difference in experts’
views regarding each questionnaire item. An indicator with a high and significant standard deviation
value in the first-round questionnaire suggested that the experts’ views on this item were still highly
inconsistent, and vice versa. The calculation was performed until the third-round questionnaires were
collected, and if the standard deviation value of a certain indicator was still significant, the indicator
was further discussed.

4. Results

4.1. Questionnaire Distribution and Recovery

Questionnaires were distributed to experts, including scholars (food and beverage services
management or environmental management), personnel from government agencies and café operators,
by mail or e-mail or by on-site distribution. The three-round questionnaire survey was completed
in approximately 2 months. A total of 15 questionnaires were recovered from the participants who
completed the entire survey process, for a recovery rate of 100%.

4.2. Analysis of Importance Indicators

Stability analysis is mainly used to determine whether the scores of an indicator are convergent.
In this study, the calculation formula for stability proposed by Linstone and Turoff [40] was used to
calculate the stability index. After the third-round questionnaires were recovered, stability analysis
was performed for each indicator by first measuring the stability of the score of each indicator provided
by each expert in the first-round questionnaire and that in the second-round questionnaire and then
performing the same stability measurement on the scores of each indicator provided by each expert
in the second-round and the third-round questionnaires once the third-round questionnaires were
collected. A stability index value below 15% suggested that the experts’ opinions on this indicator
reached a stable level and that the indicator could be included in the index system. The stability
analysis results suggested that 20 indicators did not meet the stability index standard, i.e., had index
values lower than 15%:

(1) 2 indicators in the auditory ambience dimension, i.e., “It is appropriate for green cafés to play
audio recordings of the sound of rain” and “It is appropriate for green cafés to play violin music”;

(2) 6 indicators in the visual ambience dimension, i.e., “It is appropriate for green cafés to use plastic
as the main material for tables and chairs”, “It is appropriate for green cafés to use candlelight”,
“It is appropriate for green cafés to use neon lights”, “It is appropriate for green cafés to use
ceiling lamps”, “It is appropriate for green cafés to use ceiling fans”, and “It is appropriate for
green cafés to have their service staff dressed predominantly in green”;

(3) 6 indicators in the tactile ambience dimension, i.e., “It is appropriate for green cafés to use
dehumidifiers to keep the air dry”, “It is appropriate for green cafés to use plastic utensils such as
trays, cups, spoons, knives, forks, etc.”, “It is appropriate for green cafés to use a plastic floor”,
“It is appropriate for green cafés to use plastic chairs”, “It is appropriate for green cafés to use
steel chairs”, and “It is appropriate for green cafés to use plastic tables”;

(4) 2 indicators in the olfactory ambience dimension, i.e., “It is appropriate for green cafés to have
a food aroma”, and “It is appropriate for green cafés to use incense”; and
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(5) 4 indicators in the taste ambience dimension, i.e., “It is appropriate for green cafés to predominantly
provide meat-based food”, “It is appropriate for green cafés to provide fried food”, “It is
appropriate for green cafés to provide cured food”, and “It is appropriate for green cafés to
provide grilled food”.

The above indicators did not meet the stability analysis criterion, meaning that experts did not reach
a consensus on each of these indicators; therefore, these indicators were excluded, while the remaining
candidate indicators had stability index values lower than 15%. After the above 20 candidate indicators
were excluded, the remaining 83 candidate indicators were retained for the subsequent average
screening stage.

The following criterion was used for the average screening: with the purpose of not disrupting
the system structure, an appropriate average was chosen as the standard for the removal of candidate
indicators. In this study, the candidate indicators were screened based on 3 criteria: (1) the overall
average score (3.5 points); (2) the average score for each dimension (after calculation, the average
scores for the dimensions were as follows: audible ambience, 3.7 points; visual ambience, 3.5
points; tactile ambience, 3.6 points; olfactory ambience, 3.2 points; and taste ambience, 3.4 points);
and (3) the importance score (greater than 4 points).

The results are shown in Table 2. Ultimately, to ensure the integrity of the overall system structure
and the high scores of the selected indicators, an importance score above 4 points for each dimension
scored in the third-round questionnaire was used as the screening criterion for this stage.

Table 2. Comparison of the screening results for the indicators using different criteria.

Screening Criterion No. of Remaining
Indicators Remarks

Overall average score:
3.5 points 62 “Olfactory ambience” and “taste

ambience” were eliminated

Importance score:
greater than 4 points 40 All dimensions showed an important

score of 4 or greater

Average score for each
dimension 59

“Olfactory ambience” and “taste
ambience” had scores lower than

the overall average score, indicating
uneven levels

Therefore, we used this criterion as the basis for selecting indicators, and the system not only
included indicators with high importance scores (4 points or above) but also excluded those with
a stability index below 15%; however, the average importance score was lower when the indicators
for all dimensions were considered. Finally, after the candidate indicators with a stability index
value above 15% and an average score below 4 points were deleted, a total of 36 candidate indicators
were selected.

The establishment of the above importance indicators was achieved through the following
processes: after repeated feedback from the three-round expert questionnaire surveys, initial indicators
with stability index values below 15% on the second- and third-round questionnaires for which
the experts reached a consensus were chosen and subsequently screened based on the average for
each dimension in the third-round questionnaire. Ultimately, a total of 36 indicators were selected
as indicators of green café ambience: 5 auditory ambience indicators, 7 visual ambience indicators,
12 tactile ambience indicators, 4 olfactory ambience indicators, and 8 taste ambience indicators
(Figure 2).
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4.3. Analysis of the Operability of the Indicators

In this study, the average score in the third-round questionnaire (easy, 4 points) was used as
the criterion to measure the operability of the selected 36 indicators; i.e., indicators with an average
value of 4 points or above were considered highly operable, as they had an operativity level of “easy”
or above (Table 3).

After the experts’ three-round analyses of the indicators, we chose 10 cafés to verify the selected
indicators. The managers of the front and back lines and staff were asked to evaluate the indicators
for the design of green café ambience; the evaluations were scored using a 5-point Likert scale,
and the average scores were compared with the selected indicators to verify that these indicators could
truly serve as the indicators for the design of green café ambience.

Table 3. The operability of the indicators of green café ambience design.

Operativity System
Dimension

Selected Indicators
Average Importance Score

Scholar Government Business

Auditory
ambience

A1. It is appropriate for
green cafés to play audio
recordings of the sound

of streams

4.6 4.5 4.7

A2. It is appropriate for
green cafés to play audio
recordings of the chirping

sound of insects

4.4 4.5 4.3

A3. It is appropriate for
green cafés to play audio

recordings of the sound of
birds singing

4.1 4.5 4.3

A4. It is appropriate for
green cafés to play

cello music
4.1 4.5 4.2

A5. It is appropriate for
green café service staff to
greet and converse with

patrons in a predominantly
soft tone

4.1 4.0 4.0

195



Int. J. Environ. Res. Public Health 2020, 17, 8957

Table 3. Cont.

Operativity System
Dimension

Selected Indicators
Average Importance Score

Scholar Government Business

High

Visual
ambience

V1. It is appropriate to
decorate green cafés

predominantly in
wood tones

4.7 4.5 4.5

V2. It is appropriate to
decorate green cafés
predominantly with
transparent glass to

introduce natural light into
the establishment

4.4 4.5 4.7

V3. It is appropriate for
green cafés to use tables and
chairs predominantly with

warm colours

4.4 5.0 4.3

V4. It is appropriate to
decorate green cafés with

flowers and plants
4.7 5.0 4.7

V5. It is appropriate to plant
flowers and trees outside

green cafés
5.0 5.0 4.8

V6. It is appropriate to light
green cafés predominantly

with warm colours
4.4 4.0 4.8

V7. It is appropriate for
green café service staff to
dress predominantly in
green and earth tones

4.4 5.0 4.3

Tactile
Ambience

T1. It is appropriate for
green cafés to use electric
fans for air circulation in

the establishment

4.6 4.5 4.3

T2. It is appropriate for
green cafés to use

dehumidifiers to dry the air
in the establishment

4.1 4.5 4.2

T3. It is appropriate for
green cafés to use air

purifiers to freshen the air in
the establishment

4.3 4.5 4.3

T4. It is appropriate for
green cafés to use air

conditioners to control
the temperature in
the establishment

4.1 4.0 4.3

T5. It is appropriate for
green cafés to have windows

to facilitate air circulation
4.9 5.0 4.8

T6. It is appropriate for
green cafés to use wooden
utensils, e.g., dinner trays,

plates, knives, forks,
and spoons

4.3 4.5 4.5
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Table 3. Cont.

Operativity System
Dimension

Selected Indicators
Average Importance Score

Scholar Government Business

T7. It is appropriate for
green cafés to use glass

utensils, e.g., dinner trays,
plates, knives, forks,

and spoons

3.9 4.0 4.3

T8. It is appropriate for
green cafés to use wooden

wall facades
4.6 4.5 4.5

T9. It is appropriate for
green cafés to use

wood floors
4.3 5.0 4.3

T10. It is appropriate for
green cafés to use stone

tile floors
4.4 4.5 4.2

T11. It is appropriate for
green cafés to use seats made

of wood
4.4 5.0 4.3

T12. It is appropriate for
green cafés to use tables

made of wood
4.4 5.0 4.7

Olfactory
ambience

O1. It is appropriate for
green cafés to have

a coffee aroma
5.0 4.5 5.0

O2. It is appropriate for
green cafés to have

a wood aroma
4.4 4.5 4.0

O3. It is appropriate for
green cafés to have

a fruit aroma
4.4 4.5 4.2

O4. It is appropriate for
green cafés to have

a food aroma
4.3 4.5 4.0

Taste
Ambience

t1. It is appropriate for green
cafés to provide
predominantly
fresh vegetables

5.0 4.5 4.8

t2. It is appropriate for green
cafés to provide

predominantly bland food
4.3 4.5 4.2

t3. It is appropriate for green
cafés to provide food
predominantly in its

original flavour

4.7 4.5 4.6

t4. It is appropriate for green
cafés to provide

predominantly light food
4.6 4.0 4.8

t5. It is appropriate for green
cafés to provide juice drinks 4.1 4.0 4.4

t6. It is appropriate for green
cafés to provide dairy drinks 4.3 4.0 4.2
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Table 3. Cont.

Operativity System
Dimension

Selected Indicators
Average Importance Score

Scholar Government Business

t7. It is appropriate for green
cafés to provide

predominantly freshly made
coffee drinks

4.0 4.0 4.8

t8. It is appropriate for green
cafés to provide

predominantly freshly made
juice drinks

4.1 4.5 4.5

Last, based on the average scores of the 36 selected indicators, the average scores derived from
the verification by actual café managers, and the criterion of an average value of 4 points or higher
and small variation, 17 indicators with operability levels of “easy” or above that were scored in
the verification were ascertained (Table 4).

Table 4. Selected indicators in this study for verification with actual cafés.

System Dimension Indicator Content

Auditory ambience A1. It is appropriate for green cafés to play audio recordings of
the sound of streams

Visual ambience

V1. It is appropriate to decorate green cafés predominantly in
wood tones

V2. It is appropriate to decorate green cafés predominantly with
transparent glass to introduce natural light into the establishment

V3. It is appropriate for green cafés to use tables and chairs
predominantly with warm colours

V6. It is appropriate to light green cafés predominantly with
warm colours

Tactile ambience

T4. It is appropriate for green cafés to use air conditioners to
control the temperature in the establishment

T6. It is appropriate for green cafés to use wooden utensils, e.g.,
dinner trays, plates, knives, forks, and spoons

T9. It is appropriate for green cafés to use wood floors

T11. It is appropriate for green cafés to use seats made of wood

T12. It is appropriate for green cafés to use tables made of wood

Olfactory ambience O1. It is appropriate for green cafés to have a coffee aroma

Taste ambience

t1. It is appropriate for green cafés to provide predominantly
fresh vegetables

t2. It is appropriate for green cafés to provide predominantly
bland food

t3. It is appropriate for green cafés to provide food
predominantly in its original flavour

t4. It is appropriate for green cafés to provide predominantly
light food

T7. It is appropriate for green cafés to provide predominantly
freshly made coffee drinks

T8. It is appropriate for green cafés to provide predominantly
freshly made juice drinks
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5. Discussion

5.1. Selected Indicators

In terms of the average operability score, 3 items, i.e., “It is appropriate to plant flowers and trees
outside green cafés” in the visual ambience dimension (4.93 points), “It is appropriate for green cafés to
have a coffee aroma” in the olfactory ambience dimension (4.83 points), and “It is appropriate for green
cafés to provide predominantly fresh vegetables as food” in the taste ambience dimension (4.76 points),
had high scores, indicating that the experts agreed that the 3 indicators are highly important for
the design of green café ambience and are highly feasible.

In terms of the overall dimensions, auditory ambience (3.7 points), tactile ambience (3.6 points),
and visual ambience (3.5 points) all had an average importance score above 3.5 points, indicating that
these 3 dimensions are important indicators of green café ambience design.

5.2. Empirical Verification

5.2.1. Auditory Ambience Dimension

In this dimension, the item “It is appropriate for green cafés to play audio recordings of the sound
of streams” showed the lowest score variation, indicating the high operability of the item in cafés,
while other items, i.e., “It is appropriate for green cafés to play audio recordings of the chirping sound of
insects”, “It is appropriate for green cafés to play audio recordings of birds singing”, “It is appropriate
for green cafés to play audio recordings of the calling sound of frogs”, and “It is appropriate for green
cafés to play cellos music” showed high score variation. Although these items met the standard in
terms of the average score, they did not attain an average score of 4 points or higher in the verification
study with actual cafés, indicating that these items have low operability or would be impossible
to implement.

5.2.2. Visual Ambience Dimension

In this dimension, 3 items, i.e., “It is appropriate for green cafés to predominantly use white light”,
“It is appropriate for green cafés to have flowers and plants”, and “It is appropriate for green cafés to
plant flowers and trees outside the establishment”, showed high score variation and did not attain
an average score of 4 points or higher in the verification study with actual cafés. Thus, these items
have a low level of operability.

5.2.3. Tactile Ambience Dimension

In this dimension, 7 items failed to meet the criterion in the verification study with actual cafés:
“It is appropriate for green cafés to use electric fans for air circulation in the establishment”; “It is
appropriate for green cafés to use air purifiers for fresh air in the establishment”; “It is appropriate for
green cafés to use glass utensils, e.g., dinner trays, plates, knives, forks, and spoons”; “It is appropriate
for green cafés to have windows to facilitate air circulation”; “It is appropriate for green cafés to use
wooden wall facades”; “It is appropriate for green cafés to use stone tile floors”; and “It is appropriate
for green cafés to use cement floors”. This finding indicates that these items have a low level of
operability for implementation by cafés.

5.2.4. Olfactory Ambience Dimension

In this dimension, only 1 item, “It is appropriate for green cafés to have a coffee aroma”,
met the criterion in the verification study with actual cafés. Meanwhile, 3 items, i.e., “It is appropriate
for green cafés to have a wood aroma”, “It is appropriate for green cafés to have a fruit aroma”,
and “It is appropriate for green café stores to have a flower aroma”, did not meet the criterion of
an average score of 4 points or higher and had large differences in their average scores, indicating that
these items have a low level of operability for implementation by cafés.
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5.2.5. Taste Ambience Dimension

All 6 items in this dimension showed small differences in their average scores and the actual café
verification results and had an average score of 4 points or higher, indicating that these items have
a high level of operability for implementation by cafés.

6. Conclusions

After repeated feedback through three-round questionnaire surveys, among the 103 original
indicators for the design of green café ambience, 36 indicators, including 5 indicators in the auditory
ambience dimension, 7 indicators in the visual ambience dimension, 12 indicators in the tactile ambience
dimension, 4 indicators in the olfactory ambience dimension and 8 indicators in the taste ambience
dimension, were selected through stability analysis based on the criterion of an average importance
score of 4 points or higher.

In this study, we found that because the concept of green café ambience has not yet been
popularized, Taiwanese café operators would need to invest heavily in marketing to attract consumers
based on ambience; therefore, it is recommended that when opening cafés, operators should take
into account the capital and the regional target customer group. Based on the indicators selected
by the experts in this study and the verification of the indicators with actual cafés, the items in
the auditory ambience, tactile ambience, and olfactory ambience dimensions showed large variation in
their scores; therefore, for the determination of green café ambience indicators in the future, items in
these dimensions and the actual situation of café operations must be emphasized.

Further, when designing cafés, operators must consider the importance of ambience as experienced
with all 5 senses; in the past, only visual ambience has been the focus of design [41,42], and the fact
that humans receive information through 5 senses (touch, sight, hearing, smell, and taste) and
assess this information with the brain to generate overall perception has not been considered [6,9,43].
The establishment of indicators of green café ambience design requires multi-party support and
cooperation from academia, government, industry, and consumers, whose mutual assistance and joint
efforts enable design implementation.

Limitations and Future Research Directions

Among the indicators that were not included, 2 items, i.e., “It is appropriate for green cafés to
have their service staff dress predominantly in green” in the visual ambience dimension and “It is
appropriate for green cafés to have unique aromas of all types of food” in the olfactory ambience
dimension, had importance scores of 4 points or higher. It is recommended that these items be included
when new indicators are added in the future.

In this study, in the design of the green café ambience indicators, the “conceptual” principle,
which is qualitative but not representative, was established set as the main research direction in
the first stage. Therefore, it is recommended that investigators further formulate indicators for “specific
manoeuvrability” to establish a complete café scale to provide a tool for the industry, governmental
departments, and academia to evaluate green cafés in the future and to provide guidelines for green
café practices.

In the present study, due to human power and time restrictions, cafés were not distinguished based
on their size and regional characteristics in the discussion. There was also no analysis of consumers.
Cafés in Taiwan are diverse; therefore, in the future, different types of cafés should be differentiated in
terms of their size and category for in-depth examination. Green consumption is often associated with
high prices, and economic factors affect people’s perceptions and quality of life, but this issue was
not examined in this study. Therefore, it is recommended that in the future, price, income, and other
economic factors be taken into account.
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Abstract: The Huang-Huai-Hai Plain is the major crop-producing region in China. Based on the
climate and socio-economic data from 1995 to 2018, we analyzed the spatial–temporal characteristics
in grain production and its influencing factors by using exploratory spatial data analysis, a gravity
center model, a spatial panel data model, and a geographically weighted regression model. The results
indicated the following: (1) The grain production of eastern and southern areas was higher, while that
of western and northern areas was lower; (2) The grain production center in the Huang-Huai-Hai
Plain shifted from the southeast to northwest in Tai’an, and was distributed stably at the border
between Jining and Tai’an; (3) The global spatial autocorrelation experienced a changing process of
“decline–growth–decline”, and the area of hot and cold spots was gradually reduced and stabilized,
which indicated that the polarization of grain production in local areas gradually weakened and the
spatial difference gradually decreased in the Huang-Huai-Hai Plain; (4) The impact of socio-economic
factors has been continuously enhanced while the role of climate factors in grain production has been
gradually weakened. The ratio of the effective irrigated area, the amount of fertilizer applied per unit
sown area, and the average per capita annual income of rural residents were conducive to the increase
in grain production in the Huang-Huai-Hai Plain; however, the effect of the annual precipitation on
grain production has become weaker. More importantly, the association between the three factors
and grain production was found to be spatially heterogeneous at the local geographic level.

Keywords: grain production; spatial–temporal characteristic; influencing factors; the Huang-Huai-Hai
Plain

1. Introduction

China is an important food-producing country in the world, as well as a large food consumer.
China’s food self-sufficiency rate has reached more than 95% [1]. Although the current grain supply
and demand in China maintains a balance of total quantity and a surplus in harvest, the small per capita
arable land area, low mechanization level, and family-based business units determine that the current
arable land has an extremely limited potential for increasing grain production [2,3]. From 1850–1900
to 2006–2015, the mean land surface air temperature increased by 1.53 ◦C [4]. Climate change has
already affected food security due to warming, changing precipitation patterns, and the greater
frequency of some extreme events [4]. Under the dual constraints of climate change and the process of
urbanization, unpredictable meteorological disasters, limited arable land resources, huge population
pressure, and the diversified consumer demand of residents directly generated strong demands for
stable grain production [5,6]. Additionally, the outbreak of COVID-19 in 2019 led to labor shortages
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and supply chain disruptions, which affected the food security of some countries and regions [7].
Certain countries have even banned the export of food, leading to large fluctuations in global food
prices and casting a shadow over the world’s food crisis. Although China’s major food crops, such as
rice and wheat, are less dependent on the international market and national food security will not
be affected by the agricultural trade restrictions brought about by the COVID-19, ensuring China’s
food security in the later period of the epidemic is of great strategic significance for domestic economic
recovery and social stability.

The Huang-Huai-Hai Plain (HHH), located in the north of the country, is a high-yield agricultural
region [8], accounting for 70% of wheat and 30% of maize production in China [9]. Because of its
importance in grain production and China’s self-sufficiency in food, it is known as the ‘Breadbasket of
China’ [10,11]. Changes in grain production in the HHH can have direct impacts on both the national
economy and food security of China [12]. Therefore, it is of great significance to understand its temporal
and spatial characteristics and the influencing factors of grain production in the Huang-Huai-Hai plain
in order to ensure national food security.

Previous studies have pointed out that while grain production in the Huang-Huai-Hai Plain is
increasing, the difference in grain yields in various regions is gradually shrinking, but the spatial
distribution pattern of grain production in the southern region of the Huang-Huai-Hai Plain is
higher than that in the northern region, which remains unchanged [13–15]. Later studies attribute
the distribution characteristics of grain production in the HHH to socio-economic factors [13,14,16].
The increase in grain production in the HHH is mainly due to the improvements of crop varieties,
fertilizers and effective irrigation area. For example, the amount of fertilizer used has increased by
about 400% and the effective irrigation area has increased by about 20% [10]. Liu, Tang [15] used the
spatial lag model to reveal the factors affecting the differentiation in grain yield in the HHH from 1995
to 2010, and found that farmers’ per capita net income, effective irrigation area ratio, and industrial
structure had significant positive effects on grain yield. At the same time, studies have also found that
although grain production and fertilizer input in the HHH are still significantly positively correlated,
the current application of fertilizers in actual production is extremely unbalanced and unreasonable [17].
It is essentially important to improve fertilizer use efficiency in order to save resources as well as
increase yield [10].

A number of studies have also emphasized the role of climate factors, especially precipitation, in
grain production in the HHH [18–22]. Qu, Li [20] indicated that the increase in precipitation in the
HHH can significantly increase the food production in the HHH, but the increase in thermal resources
will increase the shortage of water resources and offset the impact of the increase in temperature.
Xiao, Qi [23] reveled that climate change reduced the potential winter wheat yield of 80% of the stations
by 2.3–58.8 kg·yr−1, while at the same time it is pointed out that increasing the heat time of the wheat
growth period is essential to alleviate the impact of the shortening of the growth period caused by
warming climatic conditions. However, if the advancement of agricultural technology and other
non-climatic factors are taken into account, for every 1 ◦C increase in the average temperature of the
Huang-Huai-Hai Plain, the winter wheat yield in the north will increase by 2.1%, and the yield in the
south will decrease by 4.0% [22].

Therefore, most of the previous research on grain production in the Huang-Huai-Hai Plain mainly
focuses on the factors affecting grain production, that is, mainly from two aspects: socio-economic
factors and climatic factors. Further, these studies are only carried out on one level, which separates the
comprehensive impacts of climate and socio-economic factors on grain production. This will inevitably
affect the final assessment results. To complete these data, this paper aims to explore the influencing
factors of grain production in HHH by incorporating the climate factors and socio-economic factors
into the models so as to provide a reference for ensuring food security and relevant departments to
make decisions.
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2. Study Area and Data Sources

2.1. Study Area

The Huang-Huai-Hai Plain (HHH), the second largest plain in China, is located at 32◦–40◦ N and
114◦–121◦ E, with a land area of about 4 × 105 km2, spanning seven provinces and cities of Beijing,
Tianjin, Hebei, Shandong, Henan, Anhui, and Jiangsu (Figure 1). The HHH belongs to the warm
temperate semi-humid monsoon climate zone and is one of the most sensitive areas to climate change
in China. The winter climate in this area is typically dry and cold, spring is dry, with less rain and much
evaporation, and summer is characterized by high temperatures and heavy rainfall, including high
intense rainfall that often leads to summer floods [24]. As an important agricultural region, this area
has a long history of farming and is an important grain production base for food security in China,
with its sown area of 20.4% of the nation’s farmland and 23.6% of the whole nation’s grain yield [25].

Here, wheat and maize occupy a larger proportion in the structure of grain production. The annual
double-cropping system of winter wheat and summer maize is the most popular planting pattern.
In addition, the yield of wheat and maize accounts for approximately 61% and 31% of the total
national output, respectively [26]. Therefore, it is necessary to determine the pattern change rules and
influencing factors of grain production in upgrading HHH grain production and ensuring national
food security.
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2.2. Data Sources and Processing

The historical socio-economic data used in this paper were collected from the Statistical Yearbook
published by the National Bureau of Statistics of China, which includes annual data on the grain yield per
unit area, the sown area of grain crops, the amount of agriculture fertilizer application, the amount of
effective irrigation area, the amount of pesticide application, the amount of mechanical power, and the
per capita annual income of rural residents in the HHH from 1995 to 2018. According to China’s statistics,
grain production includes corn, rice, soybeans, wheat, potatoes, and sweet potatoes.

The historical climate data were collected from the Chinese meteorological data hub (https:
//data.cma.cn), including the annual precipitation, annual temperature, and annual sunshine duration of
123 meteorological stations in the HHH from 1995 to 2018. The meteorological data need to be processed
by SQL-Server (Microsoft Corporation, Redmond, WA, USA) and ArcGIS10.2 software (Environmental
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Systems Research Institute Inc, Redlands, CA, USA), which can analyze the average annual temperature,
annual precipitation, and average annual sunshine hours of each city in different years.

Grain production is influenced by a variety of natural and socio-economic factors. In this paper,
based on the previous literature [27–29], the grain yield per unit sown area (kg/km2) was taken as the
dependent variable, and climate and socio-economic factors were taken as the independent variables.
Among them, the climate indexes included the annual average temperature (◦C), the annual average
precipitation (mm), and the annual average sunshine duration (h), and the social-economic factors
included the proportion of effective irrigation area (%), amount of fertilizer application per unit sown
area (t/km2), amount of pesticide application per unit sown area (t/km2), amount of mechanical power
per sown area (kw/km2), and per capita annual income of rural residents (RMB). Table 1 summarizes
the data used in this study.

Table 1. Index selection and specific treatment methods.

Data Type Data Name Processing Method

Climate Data
Annual average temperature (TEM) Kriging interpolation ◦C
Annual average precipitation (PRE) Kriging interpolation mm

Annual average sunshine duration (SSD) Kriging interpolation h

Socio-economic Data

Proportion of effective
irrigation area (EIA)

Effective irrigation
area/arable land area %

Amount of fertilizer application
per unit sown area (AFA)

Total fertilizer application/
crop sown area t/km2

Amount of pesticide application
per unit sown area (APA)

Total pesticide application/
crop sown area t/km2

Mechanical power per sown area (MPA) Agricultural machinery
power/crop sown area kw/km2

Per capita annual income
of rural residents (PCI) / RMB/per

3. Methods

3.1. Exploratory Spatial Data Analysis (ESDA)

Exploratory spatial data analysis is a collection of techniques for describing and visualizing
spatial distributions, determining atypical locations or spatial outliers, discovering spatial associations,
clusters, or hot spots, and to infer spatial characteristics or other forms of space heterogeneity [30].
In general, global and local spatial autocorrelation (or hot spots analysis) is often used to explore the
spatial characteristics of observations [31].

3.1.1. Global Spatial Autocorrelation

Global spatial autocorrelation is used to test the spatial correlation of the observations of spatial
units within the study area [32], and is mainly measured by the Global Moran’s I, which was first
proposed by Moran [33]. The Moran’s I can be calculated using Equation (1):

I =
n
∑n

i=1
∑n

j=1 wi j(xi − x)
(
x j − x

)

∑n
i=1

∑n
j=1 wi j

∑n
i=1(xi − x)2 (1)

where I represents Moran’s I, n is the number of spatial units (in this study, n = 59), xi and xj are the
observations of spatial units I and j, respectively, x is the average value of observations of spatial units,
and wij is the spatial weight matrix, where wij = 1 if spatial units I and j share a common border and wij
= 0 otherwise. The values of Global Moran’s I range from −1 to 1. If I < 0, it means there is a negative
spatial correlation in the space, while if I > 0, it means there is a positive spatial correlation, an d if
I = 0, it means there is no spatial correlation.
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The significance of Moran’s I is usually measured by Z statistics using Equation (2):

Z(I) =
I − E(I)√

Var(I)
(2)

where E(I) and Var(I) are the expected value and variance of Moran’s I, respectively.

3.1.2. Hot Spot (Getis-Ord Gi
*) Analysis

The Getis-Ord Gi
* is commonly used for hot spot analysis, which can identify clustering relationships

at different spatial locations. Compared with the local spatial autocorrelation, the Getis-Ord Gi
* is more

sensitive to the identification of cold and hot spots, and can fully reflect the high or low value distribution
relationship between a certain geographic element and other surrounding elements [34]. The formula
is [34–37]:

Gi
∗ =

∑n
j=1 wi j

(
x j − x

)

√
1
n
∑n

j=1 x j2 − x2 ·
√

n
n−1

∑n
j=1 wi j2 − n

n−1

(∑n
j=1 wi j

)2
(3)

where x = 1
n

n∑
j=1

x j, n is the number of spatial units (in this study, n = 59), and wij is the spatial weight

matrix, where wij = 1 if spatial units I and j share a common border and wij = 0 otherwise.
The significance of Gi

* is usually measured by Z statistics using Equation (4):

Z(Gi
∗) =

[Gi
∗ − E(Gi

∗)]
√

Var(Gi∗)
(4)

where E(Gi
*) and Var(Gi

*) are the expected value and variance of Gi
*, respectively. If Z(Gi*) is

significantly positive, it indicates that the observations around the spatial unit i are relatively high
(higher than the average), and are high-value clusters in the space, belonging to hot spots; on the
contrary, if Z(Gi

*) is significantly negative, it indicates that the observations around the spatial unit i
are relatively low (lower than the mean), and are low-value clusters in the space, belonging to cold
spots. The larger (or smaller) the Z(Gi

*) is, the more intense the clustering of high (or low) values.
A Z(Gi

*) near zero indicates no apparent spatial clustering.

3.2. Gravity Center Model

The gravity center model is used to measure the overall distribution of a certain attribute in a
region. It can provide a concise and accurate feature of the distribution of the attribute in the space,
and can indicate the general trend and central location of its distribution. We assumed that a large
region (such as an administrative region) consists of several subregions, and so the gravity center of
grain production in the region could be calculated by the grain production and geographic coordinates
of each sub-region. The formula is [38]:

X =

∑n
i=1 MiXi∑n

i=1 Mi
; Y =

∑n
i=1 MiYi∑n

i=1 Mi
(5)

In Equation (2), Xi and Yi represent the geographic coordinates of the ith subregion. Mi represents
the grain yield per unit sown area of the subregion. X and Y represent the gravity center of grain
production in a large region. Using formula (3), the moving distance of the gravity center in grain
production can be obtained, which can reflect the evolution of the gravity center of a property in
a region;

Di j = R×
√(

Xi −X j
)2
+

(
Yi −Y j

)2
(6)
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In Equation (3), Dij is the gravity center movement distance (km) of grain production from j to i
years. (Xi, Yi) and (Xj, Yj) are the gravity center coordinates of grain production in the i and j years. R is
typically 111.111, which represents the coefficient of the spherical longitude and latitude coordinates
converted to plane distance.

3.3. Spatial Panel Data Model

When the data have spatial autocorrelation effects, the residuals are no longer independent of
each other; thus, it is not appropriate to use the ordinary least square regression (OLS) model. Instead,
the spatial lag model (SLM) or the spatial error model (SEM) should be used for analysis. The formula
is [39–41]:

SLM : y = ρwi jy + xβ+ µ (7)

SEM :
{

y = xβ+ ε
ε = λwi j + µ

(8)

In Equations (4) and (5), y is the dependent variable, x is the explanatory variables, Wij is the
space weight matrix, ρ is the spatial hysteresis parameter, β is the parameter vector, µ is the random
interference term, ε is the regression residual vector, and λ is the autoregression parameter.

3.4. Geographically Weighted Regression (GWR) Model

Geographically weighted regression models are superior to traditional regression models such as
ordinary least squares (OLS). The geographical weighted regression (GWR) model can fully consider
the spatial characteristics of each influencing factor, and more accurately show the spatial relationship
between independent and dependent variables [42]. The form of a GWR model is as follows:

Yi = β0(ui, vi) +
∑n

λ
βλ(ui, vi)Xiλ + ε (9)

In Equation (6), Yi represents the grain production in region i, β0(ui,vi) represents a constant,
βλ(ui,vi) represents the regression coefficient, (ui,vi) represents the geographic location of the cities i,
Xiλ represents the parameter value of the λ independent variable of city i, and ε represents the random
error. The optimal bandwidth distance can be obtained automatically in GWR4.0 corrected by finite
correction of the Akaike Information Criterion (AICc). The smaller the AICc value, the higher the
goodness of fit of the model will be [43].

4. Results

4.1. Temporal Changes of Grain Production in the HHH

From 1995 to 2018, the grain yield per unit of sown area in the HHH has shown a steady increase
(Figure 2), which can be divided into three stages, as follows: the fluctuating growth stage (1995–2005),
the steady growth stage (2005–2015), and the slow descent stage (2015–2018). Firstly, in the fluctuating
growth stage (1995–2005), although the grain yield per unit sown area has increased in this stage,
the fluctuation range is relatively large and the grain yield per unit of sown area gradually stabilized
in 2005. Secondly, during the steady growth stage (2005–2015), the grain yield per unit of sown area
showed a characteristic of small fluctuation growth. Finally, a slow decline began to appear in the
grain yield per unit of sown area in the HHH during the slow descent stage (2015–2018).
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Figure 2. The temporal changes of grain production in the HHH from 1995 to 2018. 
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4.2. Spatial Characteristics of Grain Production in the HHH

We classified the grain yield data of each urban unit of sown area into four types according
to 2000–3500, 3500–5000, 5000–6500, and 6500–8000 kg/km2 using ArcGIS10.2 software. For the
convenience of analysis, four time sections of 1995, 2005, 2015, and 2018 were selected for study, for
which the spatial distribution characteristics of the grain production pattern were discussed (Figure 3).

It can be seen from Figure 3 that the spatial variation in grain yield per unit of sown area in each
city is very significant, and the overall grain yield shows an increasing trend. Specifically, the number
of cities in the HHH where the grain yield per unit of sown area remained within the range of
2000–3500 kg/km2 continued to decrease, and was mainly distributed in Zhangjiakou, Cangzhou,
Zhengzhou, Luoyang, Nanyang, Sanmenxia, and Bozhou in 1995, Zhangjiakou and Sanmenxia in 2005,
and only in Zhangjiakou in 2015. In 2018, the number of cities of this type decreased to zero.
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from 35 to 28 in 2005–2015, and increased from 28 to 40 in 2015–2018. The spatial distribution of this
type overall showed a tendency varying between scattered and clustered development, and appeared
roughly from east to west, and from south to north.

The trend of unit of area sown to grain production maintained in the 6500–8000 kg/km2 interval
of urban change was different from the above three kinds. In 1995, the number of cities within this
range was 3, which increased to 5 in 2005 and 24 in 2015, and reduced to 14 in 2018, which reflects
a characteristic of a sharp increase followed by a slow decline. However, they were still mainly
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4.2. Spatial Characteristics of Grain Production in the HHH

We classified the grain yield data of each urban unit of sown area into four types according
to 2000–3500, 3500–5000, 5000–6500, and 6500–8000 kg/km2 using ArcGIS10.2 software. For the
convenience of analysis, four time sections of 1995, 2005, 2015, and 2018 were selected for study, for
which the spatial distribution characteristics of the grain production pattern were discussed (Figure 3).

It can be seen from Figure 3 that the spatial variation in grain yield per unit of sown area in each
city is very significant, and the overall grain yield shows an increasing trend. Specifically, the number
of cities in the HHH where the grain yield per unit of sown area remained within the range of
2000–3500 kg/km2 continued to decrease, and was mainly distributed in Zhangjiakou, Cangzhou,
Zhengzhou, Luoyang, Nanyang, Sanmenxia, and Bozhou in 1995, Zhangjiakou and Sanmenxia in 2005,
and only in Zhangjiakou in 2015. In 2018, the number of cities of this type decreased to zero.

The number of cities within the range of grain yield per unit of sown area of 3500 to 5000 kg/km2

also showed a downward trend, and the type area shrank from 30 cities in 1995 to 5 cities in 2018,
and presented a layout trend of agglomeration to dispersion in spatial distribution.

The number of cities in the range of 5000–6500 kg/km2 showed a rising–falling–rising trend.
Among them, the number of cities in this type of area increased from 19 to 35 in 1995–2005, reduced
from 35 to 28 in 2005–2015, and increased from 28 to 40 in 2015–2018. The spatial distribution of this
type overall showed a tendency varying between scattered and clustered development, and appeared
roughly from east to west, and from south to north.

The trend of unit of area sown to grain production maintained in the 6500–8000 kg/km2 interval
of urban change was different from the above three kinds. In 1995, the number of cities within this
range was 3, which increased to 5 in 2005 and 24 in 2015, and reduced to 14 in 2018, which reflects
a characteristic of a sharp increase followed by a slow decline. However, they were still mainly
distributed in the central and southern parts of the HHH.

In terms of spatial distribution, the areas with high grain yield per unit of sown area in the
Huang-Huia-Hai Plain were mainly distributed in the east and south, while the areas with low grain
yield per unit of sown area were mainly distributed in the west and north of the HHH, which indicated
that the grain production capacity of the eastern and southern regions of the HHH was higher,
while that of the northern and western regions was lower.
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4.3. Dynamic Change of Barycenter of Grain Production in the HHH

Figure 3 reflects the static distribution pattern of grain production in the HHH in 1995, 2005, 2015,
and 2018, but does not reflect the dynamic change trend. Therefore, we used Equation (2) to calculate
the barycenter of grain production in the HHH from 1995 to 2018 (Figure 4), and then used Equation (3)
to calculate the barycenter movement distance (Table 2) to analyze the dynamic change characteristics
of the grain production pattern.

According to Figure 4, the grain production center in the HHH generally shifted from southeast
to northwest in Tai’an, and gradually stabilized in the central area of the HHH with the passage of
time. Specifically, from 1995 to 1997, the grain production center of HHH was distributed in Jining
city, which moved first to the northwest and then to the southwest. From 1998 to 2000, the movement
direction of the barycenter in grain production remained highly stable; that is, it continued to move in
the northwest direction. The barycenter of grain production began to enter Tai’an City. From 2000
to 2001, the movement direction of the barycenter in grain production was reversed and shifted to
the southeast.

In 2001–2003, the barycenter of grain production shifted first to the southwest and then to the
northeast, and in 2003–2005, it shifted first to the southwest and then to the southeast. From 2005
to 2011, the barycenter of grain production fluctuated in all directions. From 2011 to 2013, the grain
production center assumed a similar change trend to that from 2001 to 2003. From 2013 to 2015,
the grain production center first moved to the northeast and then to the northwest.

From 2015 to 2018, the grain production center of gravity showed characteristics of moving from
southeast to northwest, but it was still stable in the territory of Tai’an City, that is, the southeast of the
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HHH. The dynamic shift in the grain production center in the HHH indicates that the regional grain
production capacity has the characteristics of non-stationarity in time and non-equilibrium in space
at the same time, and the shift in the grain production center from southeast to northwest indicates
that the grain production capacities in the western and northern parts of the HHH were continuously
enhanced. In addition, the grain production center in the HHH tended to be stable over time, and it
was concentrated in the border area between Jining and Tai’an.
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Table 2 shows that the barycenter of grain production in the HHH as a whole moved from the
southeast to northwest from 1995 to 2005, with a distance of 17.7 km. From 2005 to 2018, the barycenter
of grain production moved to the northwest with a distance of 9.4 km, which was significantly
smaller than that from 1995 to 2005, which confirmed that the barycenter of grain production in the
HHH showed good time-stability characteristics over time; however, this could not cover up the
disequilibrium in the spatial characteristics of grain production. On the whole, from 1995 to 2018,
the center of gravity of grain production moved 26.1 km to the northwest. The center was still stable in
the territory of Tai’an city, that is, to the southeast of the HHH.

211



Int. J. Environ. Res. Public Health 2020, 17, 9193

Table 2. The gravity center changes in grain production in 1995–2018.

Year

Gravity Center of Grain Production

Year

Gravity Center of Grain Production

Longitude Latitude Moving
Distance/km Longitude Latitude Moving

Distance/km

1995 116.58 E 35.75 N - 2007 116.38 E 35.81 N 0.774593
1996 116.50 E 35.79 N 9.663716 2008 116.39 E 35.80 N 2.163265
1997 116.42 E 35.73 N 11.05526 2009 116.40 E 35.79 N 1.415176
1998 116.44 E 35.80 N 8.099253 2010 116.40 E 35.79 N 0.261293
1999 116.39 E 35.82 N 5.382058 2011 116.40 E 35.79 N 0.747488
2000 116.35 E 35.84 N 5.081014 2012 116.33 E 35.78 N 7.035403
2001 116.42 E 35.83 N 7.488652 2013 116.36 E 35.78 N 2.505761
2002 116.41 E 35.82 N 2.213499 2014 116.39 E 35.78 N 3.691162
2003 116.44 E 35.85 N 5.510654 2015 116.34 E 35.80 N 5.316664
2004 116.43 E 35.80 N 5.391599 2016 116.36 E 35.78 N 2.751065
2005 116.43 E 35.80 N 0.532014 2017 116.34 E 35.79 N 2.319260
2006 116.37 E 35.81 N 6.620709 2018 116.35 E 35.80 N 0.697832

“-” means the item does not exist.

4.4. Spatial Correlation Characteristics of Grain Production Pattern in the HHH

4.4.1. Global Spatial Correlation Characteristics

Based on the grain yield data per unit sown area, the Moran’s I value, Z statistic, and P-value
were calculated using Geoda software, and the spatial correlation characteristics of grain production
are shown in Table 3.

It can be seen from Table 3 that the Moran’s I values from 1995 to 2018 were all greater than 0 and
significant at the threshold level of 5%, indicating that the grain yield per unit sown area in the HHH
was not randomly distributed but positively correlated. This indicates that the grain production layout
showed strong spatial clustering characteristics. From 1995 to 1997, the Moran’s I value decreased from
0.4114 to 0.1718. This indicates that the agglomeration and development trend in grain production in
the HHH weakened during this period. From 1997 to 2002, the Moran’s I value showed a fluctuating
trend, ranging from 0.1718 to 0.3356. In this period, the grain production experienced a process of both
agglomeration and dispersion development, but the change trend was small.

Table 3. Moran’s I value of grain production in HHH.

Year Moran’s I Z-Score p Year Moran’s I Z-Score p

1995 0.4114 5.0799 0.001 *** 2007 0.2371 3.0493 0.01 **
1996 0.3186 3.9572 0.001 *** 2008 0.2416 3.0646 0.01 **
1997 0.1718 2.2349 0.01 ** 2009 0.2751 3.5401 0.001 ***
1998 0.3356 4.1347 0.001 *** 2010 0.2852 3.5766 0.001 ***
1999 0.3257 4.0797 0.001 *** 2011 0.2897 3.6144 0.001 ***
2000 0.3429 4.2799 0.001 *** 2012 0.2401 3.0216 0.01 **
2001 0.3286 4.1561 0.001 *** 2013 0.2529 3.1792 0.01 **
2002 0.2511 3.2294 0.001 *** 2014 0.3727 4.5792 0.001 ***
2003 0.5243 6.2996 0.001 *** 2015 0.3498 4.3184 0.001 ***
2004 0.2998 3.7368 0.001 *** 2016 0.2833 3.7924 0.001 ***
2005 0.3008 3.7651 0.001 *** 2017 0.2602 3.5101 0.001 ***
2006 0.2397 3.0403 0.01 ** 2018 0.2315 3.1292 0.01 **

*** means significant at the 1% threshold level; ** means significant at the 5% threshold level.

From 2002 to 2006, the Moran’s I value showed “up–down” fluctuation characteristics twice,
and the change trend was more intense. This indicates that the grain production pattern of the HHH
was greatly changed during this period. From 2007 to 2011, the increase in Moran’s I value indicated
that the grain production distribution in the HHH was in an increasingly concentrated state in this
period. From 2011 to 2012, the Moran’s I value changed from 0.2897 to 0.2401, a decrease by 0.0496 units,
indicating that the clustering characteristics of grain production layout weakened during this period.
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The Moran’s I value showed a continuous rising trend, indicating that the clustering characteristics
of grain production distribution were enhanced from 2012 to 2014. The value of Moran’s I changed
from 0.3727 to 0.2315 in 2014–2018, indicating that the agglomeration characteristics of grain production
distribution during this period weakened. On the whole, the Moran’s I value experienced a change
process of “down–up–down” in this period; however, the agglomeration and distribution characteristics
of grain production did not change.

4.4.2. Local Spatial Correlation Characteristics

The evaluation of the global spatial correlation feature has the defect of ignoring the instability of
local spatial processes. Therefore, the local spatial correlation characteristics of grain production in the
HHH can be analyzed by observing the Gi

* index in 1995, 2005, 2015, and 2018 (Figure 5).Int. J. Environ. Res. Public Health 2020, 17, x 12 of 19 
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According to Figure 5, the numbers of hot spots, sub-hot spots, sub-cold spots and cold spots
were 13, 21, 21, and 4, respectively, in 1995, and the cold spots were mainly distributed in Sanmenxia,
Luoyang, and Nanyang. The sub-cold spots were distributed in Beijing, Zhangjiakou, Chengde,
Baoding, Jiaozuo, Xinxiang, Zhengzhou, Kaifeng, Zhoukou, Zhumadian, Xinyang, Fuyang, Bengbu,
Huainan, and Bozhou. Sub-hot spots were concentrated in Tianjin, Qinhuangdao, Langfang, Cangzhou,
Hengshui, Xingtai, Shijiazhuang, Dezhou, Binzhou, Dongying, Heze, Anyang, Hebi, and Puyang.
Hot spots were distributed in the eastern part of the HHH. In particular, Yantai, Qingdao, Weifang,
Jinan, Rizhao, Linyi, Zaozhuang, Jining, Lianyungang and Xuzhou were the most typical ones.

In 2005, the numbers of cities in the four categories were 16, 14, 16, and 13. Compared with 1995,
the number of cities in hot spots and cold spots increased, indicating that the agglomeration of grain
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production increased from 1995 to 2005. The cold spots were concentrated in the north and southwest of
the HHH. The sub-cold spots were distributed in Qinhuangdao, Tangshan, Tianjin, Langfang, Baoding,
Xinyang, Fuyang, Zhoukou, Xuchang, Zhengzhou, and Jiaozuo. The sub-hot spots continued to shrink,
and were mainly distributed in Shijiazhuang, Cangzhou, and Hengshui. The spatial distribution of hot
spots is clear, and the main distribution was in the middle and eastern part of the HHH. In 2015, the numbers
of hot spots, sub-hot spots, sub-cold spots, and cold spots were 13, 20, 14, and 12 cities, respectively.

Compared with 2005, the number of cities in hot spots and cold spots decreased by 3 and 1,
respectively, indicating that the local spatial clustering characteristics of grain production in the HHH
were weakened from 2005 to 2015. In 2018, the hot spots, sub-hot spots, sub-cold spots, and cold spots
included 10, 17, 22, and 10 cities, respectively. Compared with 2015, the number of cities in hot spots
and cold spots decreased by three and two, and the number of cities in sub-hot spots increased by
eight. This indicates that the local spatial agglomeration characteristics of grain production in the
Huang-Huai-Hai Plain gradually weakened from 2005. In general, hot spots spread from the east of the
HHH to the southeast and the central region, and sub-hot spots were mainly distributed in the central
region. The cold spots and sub-cold spots were mainly distributed in the north and south regions.

4.5. Influencing Factors for the Changes of Grain Production in the HHH

4.5.1. Analysis of the Spatial Spillover Effect of the Influencing Factors

First, SPSS software was used to eliminate the collinearity of variables, and finally four indexes were
extracted, namely, the effective irrigation area (EIA), amount of fertilizer application per unit of sown
area (AFA), per capita annual income of rural residents (PCI), and annual average precipitation (PRE).
In addition, 3.3 proves that the grain production pattern in the HHH has dependent characteristics;
therefore, the influence of the spatial spillover effect cannot be ignored. Secondly, the GeoDa software
was used to obtain the parameter estimation results of the spatial lag model, spatial error model,
and OLS model. Finally, the statistical values of LMLAG and R-LMLAG in the OLS results were
significantly higher than those of LMERR and R-LMERR at the 10% level; as such, it was appropriate
to use the spatial lag model to explore the key factors affecting grain production (Table 4).

According to Table 4, the coefficients of EIA were 0.505, 0.415, 0.532, and 0.588 in 1995, 2005,
2015, and 2018, respectively, and were effective at the 1% threshold level. This indicates that there
was a positive correlation between the EIA and grain yield; that is, an increase in the EIA will bring
about an increase in the grain yield. At the same time, the coefficient of EIA on the whole was on the
rise, indicating that it has a stronger positive effect on grain yield. The continuous improvement of
irrigation and water conservancy facilities in the HHH is the reason for this phenomenon.

The coefficients of fertilizer application per unit of sown area in 1995 and 2005 were 0.008 and
0.208, respectively, which were both significant at the 1% threshold level, and the coefficients in 2015
and 2018 were 0.124 and 0.023, respectively, and were significant at the 5% threshold level. This shows
that the positive effect of chemical fertilizer application per unit of sown area on grain production
experienced a changing process of decline after rising first, reflecting that the increase in chemical
fertilizer application per sown area from 1995 to 2005 significantly increased the grain production in
the HHH.

From 2005 to 2018, the boosting effect on grain production was alleviated. The reason for this
phenomenon may be that the increase in the use of chemical fertilizers in the low-level agricultural
development stage has a significant effect on increasing grain production. As the amount of fertilizer
input remains at a high level, the effect of increasing the amount of fertilizer input in the future is
limited as regards improving the grain yield. The coefficients of rural residents’ per capita annual
income in the four time sections were 0.405, 0.170, 0.124, and 0.050, which passed the significance tests
at the critical value levels of 1%, 5%, 10%, and 10%, respectively.

The increase in per capita annual income continued to weaken the boost to grain production.
The reason is that agriculture has been the main source of income for Chinese farmers to maintain

214



Int. J. Environ. Res. Public Health 2020, 17, 9193

their livelihoods for a long time. As farmers’ income levels increase, they have more funds to purchase
agricultural machinery, fertilizers, pesticides, seeds, and other production materials, thereby achieving
the goal of increasing grain yield. With the rapid advancement of urbanization, farmers’ income
channels have become increasingly diversified, which has greatly reduced their dependence on
agriculture, and the tendency of farmers to invest in non-agriculture has become more obvious.
Therefore, to some extent, the increase in PCI has an inhibitory effect on grain output.

The coefficient of PRE was 0.508 in 1995 and passed the significance test of the 1% critical value
level, indicating that the increase in PRE in that year played a promoting role in grain production.
The coefficients of PRE were 0.016 and 0.148 in 2005 and 2015, both of which failed to pass the 10%
significance test, indicating that the PRE increase did not have an obvious positive promotion effect on
grain production. The underlying reason may be that with the continuous improvement of irrigation
facilities, the impact of changes in PRE on grain production became weaker.

Table 4. Regression analysis results of the spatial lag model.

Model
Variables

1995 2005 2015 2018

Coefficient Standard
Deviation Coefficient Standard

Deviation Coefficient Standard
Deviation Coefficient Standard

Deviation

Constant 0.036 1.433 5.516 0.914 5.215 *** 1.155 8.665 *** 1.749
EIA 0.505 *** 0.072 0.415 *** 0.048 0. 532 *** 0.081 0.588 *** 0.099
AFA 0.008 ** 0.004 0.208 *** 0.053 0.124 ** 0.053 0.023 ** 0.029
PCI 0.405 *** 0.109 0.170 ** 0.068 0.124 * 0.090 0.050 * 0.069
PRE 0.508 *** 0.170 0.016 0.794 0.148 0.099 0.022 0.061
R2 0.729 0.779 0.656 0.529

AIC −34.039 −87.236 −85.007 −95.487

*** means significant at the 1% threshold level; ** means significant at the 5% threshold level; * means significant at
the 10% threshold level.

4.5.2. Analysis of Spatial Heterogeneity of Influencing Factors

Based on the above research findings, the EIA, AFA, and PCI had a significant impact on the grain
production in the HHH. However, SLM cannot explain the specific degree and scope of the impact of
these three factors in space, and so a GWR model was explored to investigate the spatial difference in
the influence of these three factors. The three factors—EIA, AFA, and PCI—were put into the model
according to the criteria of AICc minimization.

The spatial distribution of Local R-squared values derived from the GWR model is displayed in
Figure 6. The GWR results show that three factors explain 81.1% of the variance in grain production.
Geographic variations in these factors describe a difference in the combined statistical influence of the
three variables on grain production across cities in the HHH, from a very weak relationship (near 0.30)
to a strong relationship (>0.80). We found that 50.94% of cities maintained local R-squared values of
more than 50%. The predictive power of the model shows characteristics of increasing from east to west.
The local R-squared map suggests that the predictive power of the analysis was greatest in relation to
the northern part (Chengde, Baoding, and Zhangjiakou) and the southwestern part (Jiaozuo, Jiyuan,
and Sanmenxia). The lower R-squared values demonstrate a poorer regression fit in the eastern parts
of the HHH, such as Weihai, Yantai, and Qingdao.

To explore the strength of the influence of each of the three factors on grain production, we created
maps for each factor, which represent the geographic distribution of their regression coefficient values
across HHH, according to the results of the GWR modeling. The mapped regression coefficients are
divided into five classifications through Natural Breaks. In Figure 7, white is used to indicate cities
without data, and gradient shading is used to show cities with a significant relationship between
variables and grain production.
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The proportion of the effective irrigated area had a positive impact on grain production in the
HHH, and its impact intensity presents a spatial distribution characteristic of “low west and high
east”. A total of 75.47% of the cities showed a significant positive relationship between the effective
irrigate area and production, mainly in Hebei and Henan provinces. The reason may be that these
two provinces are mostly inland, with relatively drier climate and less rainfall; therefore, irrigation is
mainly used to supply the water requirement of crops.

AFA had a positive effect on 94.34% of the cities in the HHH, which can significantly increase the
food production of 39.62% of the cities, mainly in the central, northern, and southern regions of the
HHH, such as Zhangjiakou, Puyang, and Fuyang. AFA had a negative effect on 5.66% of the cities,
mainly in the eastern part of the HHH, such as Qingdao and Weifang. The impact of AFA on grain
production is limited. In particular, with the long-term investment of chemical fertilizers by Chinese
farmers on cultivated land, the impact of various chemical fertilizers applied by farmers on soil fertility
has become nearly saturated. The majority of the chemical fertilizers play a role in maintaining soil
fertility after application, so even if the input of chemical fertilizers is increased, the positive effect on
crop yield is not clear enough.

The per capita income of rural residents had a positive impact on 86.79% of the cities in the
HHH, of which only 9.43% passed the significance test, mainly in the northeastern part of the HHH,
such as Chengde, Qinhuangdao, Tangshan, Langfang, and Cangzhou. The per capita income of rural
residents had a negative impact on 13.21% of cities, and was concentrated in the southwestern region
of HHH, that is, the western and southern regions of Henan Province, such as Sanmenxia, Nanyang,
and Xinyang. As rural residents flow into developed urban areas, the non-agricultural income they earn
from moving into cities has gradually become an important source of livelihood, and their dependence
and emphasis on agriculture has gradually decreased; abandonment can even occur, which causes a
huge negative impact on grain production.
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5. Discussions

Even our results suggested that the effect of precipitation on grain production became weaker,
we should also be aware of the relationship between rainfall and groundwater; that is, rainfall becomes
groundwater through infiltration, providing sufficient water for irrigating crops. With the improvement
in irrigation facilities, irrigation has gradually become an indispensable and important means for stable
grain production. This may also be the reason why the direct impact of PRE on grain production is
gradually weakening and why the EIA is gradually increasing. Future research should focus on related
research in this area. The reasons for the insignificant effect of temperature and sunshine duration may
be attributed to two points: first, compared with precipitation, the heat resources of the HHH can well
meet the growth needs of winter wheat and summer corn, and the yield is less affected by temperature
and sunshine duration. At the same time, an increase in temperature and sunshine duration may
increase evaporation, thereby offsetting the effect of precipitation. It is also possible to attribute this
effect to precipitation rather than temperature and sunshine duration. Second, it may be that the crops
in the research area are not subdivided. Different crops have inconsistent requirements for temperature
and sunshine duration, which may weaken the effects of temperature and sunshine duration. This will
also be the focus of future research. China’s food self-sufficiency rate has reached more than 95%.
The concept of “with grain in the hand, the heart is unharried” has been made reality. However, in the
face of the impact of global warming and COVID-19, as well as the requirements of new urbanization,
as a country with one of the largest populations in the world, ensuring the stability of China’s food
supply is not only related to national security, but is also related to the stability of the world.

Therefore, based on the results of this paper, the following policy suggestions are put forward to
increase grain production in the HHH, an important grain production base for food security in China
to maintain China’s food security. The suggestions include the following: to increase the construction
investment for basic farmland infrastructures, such as irrigation facilities; to cultivate and promote
good varieties and treatments, and implement soil testing and formula fertilization; to standardize
the rural land market; to promote the transfer of rural land in an orderly manner; and to realize the
large-scale management of cultivated land.

However, the impact of relevant agricultural policies issued by the country also needs to be
considered in the future. From 1995 to 2018, the overall increase in grain production in HHH and the
gradual reduction in spatial differences well reflects the background and national policies of the country
in different periods. Since 1995, with the advancement of agricultural technology, the agricultural
development of the HHH has been weakened by natural conditions, and the grain production has
increased significantly [13]. At the same time, due to the popularization of fertilizers, pesticides,
and irrigation, the gap in grain production in various regions in HHH is also narrowing.
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Due to rapid urbanization, the conversion of fertile irrigated land to non-agricultural land seems
to pose a potential threat to the food security of the HHH, and even to the whole of China [10].
Moreover, farmers are gradually migrating to cities in search of higher incomes due to the urban–rural
development gap [44], which has caused the arable land in the HHH to be abandoned, resulting in the
expansion of spatial differences in grain production in different regions in the HHH, and also threatening
national food security. In order to ensure national food security, the central government proposed the
construction of “high-standard basic farmland projects” and “agricultural modernization” to promote
the large-scale, intensive, and modernized management of arable land in the HHH, thereby increasing
the grain production of the HHH, and promoting the development of sustainable agriculture.

At the same time, we should not ignore the resistance, created by resource endowments,
to sustainable agriculture in the HHH. In particular, the precipitation cannot meet the water demand
of the crops [8,45], and water shortage is one of the major factors threatening the high and stable
production of wheat [20]. The water consumption greatly exceeds the precipitation, and groundwater
must be extracted to make up for the deficiency so as to maintain high yields [21]. Some areas in the
HHH even appear salinized due to unreasonable irrigation [10], which poses huge challenges for
the minimization of environmental impacts and the development of sustainable agriculture [46,47].
Therefore, the government must not only build irrigation facilities, but more importantly, must promote
water-saving irrigation technologies, improve water resource utilization efficiency, implement drip
irrigation and sprinkler irrigation [46], etc., so as to achieve sustainable agricultural production in the
HHH. At the same time, in the long run, in the face of the encroachment of arable land in the promotion
of urbanization, the amount of arable land in the future will also face severe challenges [10]. Promoting
intensive agricultural production and improving the level of intensive use of agricultural production
are also of great significance to ensure future food production [48]. Moreover, these actions can also
enhance the ability to respond to natural disasters in the future. However, a sustainable food and
agriculture system is one which is environmentally sound, economically viable, socially responsible,
nonexploitative, and which serves as the foundation for future generations [49–51]. With the long-term
development of intensive agriculture production in the Huang-Huai-Hai Plain, agricultural practices
ranging from the development of irrigation projects to the use of agrichemicals have often had
negative environmental impacts, such as wildlife kills, pesticide residues in drinking water, soil erosion,
groundwater depletion, and salinization [52]. Substituting environmentally sound inputs for those
which are damaging is an important step in addressing these problems [49]. In view of this, the Ministry
of agriculture of China started the construction of the Key Laboratory of Agricultural Environment
in the Huang-Huai-Hai Plain, with the objectives of scientific research, environmental monitoring,
detection analysis and technical services, in 2012, aiming to carry out research on regional agricultural
pollution prevention by means of agricultural non-point source pollution prevention, the environmental
protection of producing areas, and the development and application of environment-friendly inputs.
However, for the farmers who are the main body of agricultural production, whether these agricultural
technology inputs will increase agricultural production costs and reduce agricultural income will
be an important factor affecting the promotion of agricultural technology and the development of
sustainable agriculture. Therefore, whether the economic, social and environmental benefits generated
by agricultural production in the Huang-Huai-Hai Plain under the influence of agriculture technology
can achieve a balance will be the focus of our future research.

6. Conclusions

In this paper, exploratory spatial data analysis, the gravity center model, and the spatial lag model
were used to explore the spatial–temporal variation and influencing factors of the grain production
pattern in the HHH from 1995 to 2018. The main conclusions were drawn as follows:

The grain production pattern in the HHH has the characteristics of being non-equilibrated in
space and non-stationary in time. The spatial non-equilibrium is reflected in the shift of the grain
production center from the southeast to the northwest of Tai’an city. The high-level areas of grain
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production capacity were mainly distributed in the east and south, while the low-level areas were
distributed in the west and north. The non-stationarity of time is reflected in the rising trend in the
grain production capacity and the weakening of the non-stationarity of time in the grain production
center over time;

The global and local spatial agglomeration characteristics of grain production in the HHH were
significant. The global spatial correlation characteristics underwent a “decrease–growth–decrease”
change process, and the local spatial correlation characteristics demonstrated a concentrated distribution.
Specifically, the hot spots were mainly distributed in the central and eastern regions of the HHH, and the
cold spots were distributed in the north and southwest. The global and local spatial autocorrelation
characteristics showed that the polarization of grain production in local areas has gradually weakened
and the spatial difference has gradually decreased in the HHH, which indicates that its agricultural
production has gradually shifted in the direction of sustainable development;

The impact of social–economic factors on grain production was constantly strengthened and the
influence of climate factors on grain production was gradually weakened. EIA, AFA, and PCI helped
to increase the grain yield per unit of sown area in the HHH; however, the effect of the PRE on grain
production became weaker as time went on. We adopted the GWR model to prove that the EIA, AFA,
and PCI had clear spatial heterogeneity in the intensity and direction of the local scale. The results
showed that the EIA had a larger impact on grain production in the HHH compared with other factors,
with the percentage of significance at 75.47%.
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Abstract: Crepis vesicaria subsp. taraxacifolia (Cv) of Asteraceae family is used as food and in tradi-
tional medicine. However there are no studies on its nutritional value, phenolic composition and
biological activities. In the present work, a nutritional analysis of Cv leaves was performed and
its phenolic content and biological properties evaluated. The nutritional profile was achieved by
gas chromatography (GC). A 70% ethanolic extract was prepared and characterized by HLPC-PDA-
ESI/MSn. The quantification of chicoric acid was determined by HPLC-PDA. Subsequently, it was
evaluated its antioxidant activity by DPPH, ABTS and FRAP methods. The anti-inflammatory activity
and cellular viability was assessed in Raw 264.7 macrophages. On wet weight basis, carbohydrates
were the most abundant macronutrients (9.99%), followed by minerals (2.74%) (mainly K, Ca and
Na), protein (1.04%) and lipids (0.69%), with a low energetic contribution (175.19 KJ/100 g). The Cv
extract is constituted essentially by phenolic acids as caffeic, ferulic and quinic acid derivatives being
the major phenolic constituent chicoric acid (130.5 mg/g extract). The extract exhibited antioxidant
activity in DPPH, ABTS and FRAP assays and inhibited the nitric oxide (NO) production induced
by LPS (IC50 = 0.428 ± 0.007 mg/mL) without cytotoxicity at all concentrations tested. Conclu-
sions: Given the nutritional and phenolic profile and antioxidant and anti-inflammatory properties,
Cv could be a promising useful source of functional food ingredients.

Keywords: Crepis vesicaria L. subsp. taraxacifolia; nutritional value; phenolic profile; chicoric acid;
antioxidant; anti-inflammatory

1. Introduction

The genus Crepis belongs to the Asteraceae family comprising about 200 species, and
is widely distributed in the Northern Hemisphere, Africa and also in South East Asia [1].
The aerial parts and roots from the plants of the genus Crepis are widely used in foods
like salads [2], infusions [3], decoctions [4], omelettes, pasta dough and pan-fried [2]. The
plants of this genus are also used in traditional medicine to treat jaundice [5], hepatic disor-
ders [6], cardiovascular diseases [7], cough [3,6], catarrh [3], cold [3], diabetes [4], kidney
stones [8], eye diseases [6], abdominal colic [6], depurative, blood cleaning, laxative and as
a diuretic [2]. It can be used externally in wound healing, bruises and inflammations [8].
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Biological properties and phenolic composition have been evaluated for some species.
Aerial part and root extracts of Crepis foetida L. subsp. rhoeadifolia showed antioxidant
activity in DPPH and thiobarbituric acid reactive substances (TBARS) assays. In these
extracts phenolic compounds to which antioxidant activity has been attributed were iden-
tified, namely chlorogenic acid and luteolin in the aerial parts and chlorogenic acid in
the roots [7]. A methanolic extract from the flowers of this species showed that chloro-
genic acid was the major phenolic compound. This extract presented high antiprolif-
erative activity in HEPG-2, Caco-2, MCF-7 and MCF-10A cells, antioxidant (in DPPH,
ABTS, nitric oxide and superoxide radical scavenging assays), anticholinesterase and an-
tityrosinase activities [9]. Aqueous and ethanolic extracts of Crepis japonica L. showed
antiproliferative activity against leukemia and sarcoma. Moreover, the ethanolic extract
presented antiviral activity against respiratory syncytial vírus (anti-RSV). The phenolic
content, including hydrolysable tannins may be responsible for this activity [10]. The 3,4-
dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid and luteolin-7-O-glucoside were isolated
from the Crepis japonica ethanolic extract. The first two compounds exhibited significant
anti-RSV activity. Moreover these three compounds together showed some antibacterial
activity against Vibrio cholerae and Vibrio parahaemolyticus [11]. Besides these activities in
this plant, anti-inflammatory, immunosuppressive, antiallergic, antioxidant, analgesic,
central nervous system depressant and nematicidal activities were also reported [12].

It is known that reactive oxygen species (ROS), when unregulated, are related to
several pathologies such as inflammation, through NF-kB signaling pathway activation [13].
The NF-kB transcription factor is present in the cytoplasm and is in its inactive state due to
its association with the inhibitor complex of nuclear factor kappa B kinase (IKK). When this
kinase is activated, NF-kB is released and enters the nucleus by activating the transcription
of a variety of genes that participate in inflammatory and immune responses [14], such as
interleukines IL-1β, IL-6 and IL-8, tumor necrosis factor-α (TNF-α) [15], prostaglandins [16],
chemokine ligand 5 (CCL5), transcription of inducible nitric oxide synthase (iNOS), leading
to the production of nitric oxide (NO) [17], and cyclooxygenase-2 (COX-2) [18], among
others. Phenolic compounds such as phenolic acids, flavonoids and tannins have been
identified as good radical scavengers [17]. The mechanisms by which they act in the radical
scavenging are involved in signaling pathways of inflammation activation [13]. Phenolic
acids presented anti-inflammatory activity acting mainly at the level of the proteasome,
inhibiting this and, also, the activation of the NF-kB, since it maintains the phosphorylation
levels of IkBα. These mechanisms were attributed to the action of chlorogenic acid, since
this was identified as main phenolic acid together with p-coumaric acid derivatives [17].
These derivatives have been found to have the ability to inhibit iNOS-dependent NF-kB and
COX-2 expression [19]. Phenolic acids from Lippia genus inhibited the carrageenan-induced
pro-inflammatory cytokine production, namely IL-1β, IL-33 and TNF-α and consequently
suppressed the NF-kB activation [16]. Polyphenols from Ilex latifolia Thunb. ethanolic
extract showed high antioxidant and anti-inflammatory activities, through decreasing
the production of NO, COX-2 and pro-inflammatory cytokines via inhibitions of MAPKs,
namely ERK and JNK, and NF-kB activation [20]. In LPS-induced acute lung injury rats
model, chlorogenic acid decreased the activity of iNOS and suppressing the activation of
NF-kB [16]. Others phenolic compounds decreased TLR-4 upregulation, NOX activation
and NF-kB activation in LPS-induced renal inflammation rat model [16]. The antioxidant
and anti-inflammatory activities of rice bran (RB) phenolic compounds were evaluated in
human umbilical vein endothelial cells (HUVECs) with induced oxidative stress. The RB
extract regulated antioxidant genes, namely Nrf2, NQO1, HO1 and NOX4, as well anti-
inflammatory genes (ICAM1, eNOS, CD39 and CD73). This activities were attributed to
synergistic interactions between phenolic acids including p-coumaric acid, vanillic acid,
caffeic acid, ferulic and syringic acid [21]. These studies support the correlation between
oxidative stress and inflammation as well the biological effects of phenolic compounds
on these.
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There are no studies on phytochemical composition and biological activities of
Crepis vesicaria L. subsp. taraxacifolia (Cv). Commonly known as beaked hawk’s beard [2],
this plant is used traditionally in foods and the treatment of diverse ailments. The cooking
water of Cv young leaves are traditionally used as depurative, blood cleaning, diuretic
and laxative [2]. Therefore it’s important to study this phytoconstituents and to evaluate
its health impact. In the present work, there was evaluated the phenolic and nutritional
composition of Cv, as well assessed the antioxidant and anti-inflammatory activities.

2. Material and Methods
2.1. Plant Material and Extract Preparation

Crepis vesicaria L. subsp. taraxacifolia (Cv) plant was collected and identified by J. Paiva
(Botany Department, University of Coimbra, Coimbra, Portugal). A voucher specimen
(A. Figueirinha, 175) was deposited in the herbarium of the University of Coimbra, Faculty
of Pharmacy. The leaves, dried in a circulating air drying oven, were milled in a knife mill
(KSM 2, BRAUN, Frankfurt, Germany), avoiding the overheating of the sample, and sieved
through a 60 mesh sieve. Subsequently, extracts were prepared from the powdered material
with different solvents in a proportion of 1:100 (w/v). In order to improve the extraction
of more active compounds, several extractions of Cv leaves (10 mg of dry plant/mL)
were made with ethanol/water in various grades: 10%, 30%, 55%, 70% and 100% EtOH.
The results of three independent assays showed that the reduction percentage of DPPH
radical for the different extracts at 0.33 mg/mL was: 100% EtOH (28.22 ± 0.1575%) < 15%
EtOH (66.92 ± 1.083%) < 30% EtOH (91.83 ± 0.602%) < 55% EtOH (90.96 ± 2.205%) < 70%
EtOH extract (91.87 ± 2.066%). Thus, a leaves infusion of Cv (ICv) prepared according
to its ethomedicinal uses, and 70% ethanol extracts were obtained. These extracts were
filtered under vacuum, concentrated in a rotavapor at 40 ◦C, frozen, freeze-dried and kept
at −20 ◦C in the dark until use. In the leaves 70% ethanol Cv extract (Cv 70% EtOH), a
yield of 22.85% of dry plant was obtained. Relatively to ICv the yield of dry plant obtained
was 30.1%. Both extracts were rich in soluble phenolics.

2.2. Chemical Characterization
2.2.1. Nutrient Composition Analysis

Proximate composition parameters were measured according to the international
standards methods of Official Methods of Analysis of AOAC International [22], except
neutral detergent fiber (NDF), acid detergent fiber (ADF) and acid detergent lignin (ADL)
for calculation of cellulose, hemicellulose and lenhin, respectively [23]. Moisture evaluation
was performed by oven drying sample at 105 ◦C until constant weight. Protein was
determined by Kjeldahl method, using a protein conversion factor of 6.25. Lipids were
gravimetrically quantified after a continuous extraction process in a Soxhlet apparatus
by diethyl ether. Fatty acids were analysed by gas phase chromatography (GC-FID) of
fatty acid methyl esters, and the quantification was performed by Supelco standards
(Sigma-Aldrich, St Louis, MO, USA). The total dietary fiber, soluble and insoluble dietary
fiber contents were determined using the Supelco enzyme kit TDF100A (Sigma-Aldrich).
Crude fiber was gravimetrically quantified after chemical digestion and solubilisation
of other materials. The fiber residue weight was then corrected for ash content. Ash
was obtained by incineration of all organic matter of the sample in a muffle furnace at
550 ◦C. The Nitrogen-free extractives were estimated, considering the following equation:
Nitrogen-free extractives = 100− (moisture + ash + lipids + protein + crude fiber). The total
carbohydrates were estimated, considering the following equation: Total carbohydrates
= 100 − (moisture + ash + lipids + protein). Quantification and sugars were performed
by High Performance Liquid Chromatography with refractive index detection (HPLC-RI).
The separation column used was HC-75 Ca2+ 305 × 7.8 mm (Hamilton, Energy Way Reno,
NV, USA) with ultrapure water with traces of sodium azide mobile phase, at a flow rate of
0.6 mL/min, at 80 ◦C. The quantification was performed by BioUltra standards (Sigma-
Aldrich). The available carbohydrates were estimated, based on the following equation:
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Available Carbohydrates = 100 − (moisture + ash + lipids + protein + dietary fiber).
Quantification of sugars were performed by high performance liquid chromatography
(HPLC), using BioUltra standards (Sigma-Aldrich). Energy values are expressed in Kcal
and KJ/100 g and were calculated according to Regulation (EU) n◦ 1169/2011 of the
European Parliament and of the Council of 25 October 2011. Minerals were determined
by flame atomic absorption spectrometry (FAAS), with the exception of cadmium and
lead traces, which were determined by graphite furnace atomic absorption spectrometry
(GFAAS). Mercury traces was analysed by an AMA254 Mercury Analyzer (Leco, St Joseph,
MI, USA) and phosphorus, by spectrophotometry.

2.2.2. Phenolic Profile HPLC-PDA-ESI/MSn

The phenolic profile of Cv (ethanol 70% extract) was carried out on a liquid chro-
matograph (Finnigan Surveyor, THERMO, Waltham, MA, USA) with a Spherisorb ODS-2
column (150 × 2.1 mm i.d.; particle size, 3 µm; Waters Corp., Milford, MA, USA) and
a Spherisorb ODS-2 guard cartridge (10 × 4.6 mm i.d.; particle size, 5 µm; Waters Corp.
Milford, MA, USA). The separation occurred at 25 ◦C with a mobile phase constituted by
2% aqueous formic acid (v/v) (A) and methanol (B) in a discontinuous gradient of 5–15% B
(0–10 min), 15–25% B (10–15 min), 25–50% B (15–40 min), 50–80% B (40–50 min), followed
by an isocratic elution (50–60 min), a gradient 80–100% B (60–65 min) and other isocratic
elution for 5 min, at a flow rate of 200 µL/min.

The first detection was done with a PDA detector ((Finnigan Surveyor, THERMO,
Waltham, MA, USA)) at a wavelength range 200–400 nm, followed by a second detection
using an Linear Ion Trap Mass Spectrometer (LIT-MS) (LTQ XL, Thermo Waltham, MA,
USA). Mass spectra were obtained in the negative ion mode. The mass spectrometer
acquired three consecutive spectra: full mass (m/z 125–1500), MS2 of the most abundant
ion in the full mass and MS3 of the most abundant ion in the MS2. Source voltage was
4.5 kV and the capillary temperature and voltage were 250 ◦C and −10 V, respectively. The
sheath and auxiliary gas used was nitrogen at 20 Finnigan arbitrary units with helium as
collision gas with a normalized energy of 45%. XCALIBUR software (Thermo, Waltham,
MA, USA) was used for data treatment.

2.2.3. Quantification by HPLC-PDA

Quantification of L-chicoric acid in Cv 70% EtOH was performed in a chromatograph
with a photodiode array (PDA) detector (Gilson Electronics SA, Villiers le Bel, France).
The analysis were performed on a Spherisorb S5 ODS-2 column (250 × 4.6 mm i.d., 5 µm)
(Waters Milford, MA, USA) with a C18 guard cartridge (30 × 4 mm i.d., 5 µm) (Nucle-
osil, Macherey-Nagel, Düren, Germany), at 24 ◦C. The mobile phase was constituted
by methanol 100% (B) and formic acid 5% (A). The elution was made at a flow rate of
1 mL/min. The gradient used was: 5–15% B (0–10 min), 15–25% B (10–15 min), 25–50% B
(15–40 min), 50–80% B (40–50 min) followed by an isocratic elution of 80% B (50–60 min),
80–100% B (60–70 min) and finally, an isocratic elution of 100% B (70–85 min). The volume
of the sample injected was 100 µL. The UV-Visible spectra acquisition was performed
between 200–600 nm and the chromatographic profiles were recorded at the wavelengths
280 and 320 nm. Data treatment was carried out with Unipoint®, version 2.10 software
(Gilson, Middleton, WI, USA).

Quantification of the L-chicoric acid was performed using commercial standard dis-
solved in methanol (10 to 150 µg/mL) as external standard L-chicoric acid (Sigma Aldrich
St. Louis, MO, USA). The chicoric acid present in the Cv 70% EtOH extract was quan-
tified by the absorbance recorded in the chromatogram relative to this standard (330
nm). Three independent injections (100 µL) were performed in duplicate for each sample.
The least-squares regression model was used to assess the correlation between peak area
and concentration. The detection (LOD) and quantification (LOQ) limits were calculated
from the calibration curve. The quantification of the chicoric acid in Cv 70% EtOH extract
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(identified first by HPLC-PDA-MSn) was made using the standard calibration curve and
the peak area of the compound.

2.3. Antioxidant Activity
2.3.1. 2,2-Diphenyl-1-Picrylhydrazyl Radical Assay (DPPH)

Free radical-scavenging activity of the infusion and ethanol/water Cv extracts was
evaluated using the DPPH method previously described [24]. Briefly, aliquots of samples
(100 µL) were assessed by their reactivity with methanolic solution of 500 µM DPPH
(500 µL) in the presence of 100 mM acetate buffer, pH 6.0 (100 µL). The reaction mixtures
(300 µL) were kept for 30 min at room temperature, in the dark. The decreases in the
absorbance were measured at 517 nm, in a Thermo scientific multiskan FC plate reader.
The % of reduction of DPPH of the Cv extracts were determined by:

% reduction o f DPPH = 100− Abs sample− Abs control
Abs control

(1)

Posteriorly, the obtained values were plotted in a graph % of DPPH reduction vs.
concentration in µg/mL. The IC50 was interpolated in the graph for the correspondent
value of 50% reduction.

The results were expressed as Trolox equivalent (TE), defined as the concentration of
the extract with antioxidant capacity equivalent to 1 mM of Trolox solution. This value was
obtained interpolating the absorbance of 1 mM Trolox in the graph % of DPPH reduction
vs. concentration. All the determinations were performed in triplicate.

2.3.2. Ferric Reducing Antioxidant Power Assay (FRAP)

Ferric reducing ability was evaluated with slight modifications [25]. The FRAP reagent
was prepared by mixing 300 mM acetate buffer, 10 mL TPTZ (Sigma–Aldrich St. Louis,
MO, USA) in 40 mM HCl and 20 mM FeCl3.6H2O (Merck, Darmstadt, Germany) in the
proportion of 10:1:1 (v/v/v). The extract (100 µL) was added to 3 mL of the FRAP reagent.
An intense blue color complex was formed when ferric tripyridyl triazine (Fe3+ TPTZ)
complex was reduced to ferrous (Fe2+) form. The absorbance was measured at 593 nm,
against a reagent blank, after incubation at room temperature for 6 min. The results were
expressed as trolox equivalent (TE) values obtained using a calibration curve for Trolox
(31.25–1000 mM). All the determinations were performed in triplicate.

2.3.3. 2,2′-Azinobis-(3-ethylbenzothiazoline-6-sulfonate) Assay (pH = 7) (ABTS)

The ABTS assay described by [26], consisted in generating the ABTS•+ radical by
the oxidation of ABTS (7 mM) with potassium persulphate (2.45 mM) (Merck) in water.
After 12–16 h in dark and at room temperature, this solution was diluted with phosphate
buffered saline (PBS) at pH 7 to give an absorbance of 0.7 ± 0.02 at 734 nm. The extract
(50 µL) was mixed with 2 mL of the ABTS + solution and vortexed for 10 s. After 4 min
of reaction, the absorbance was measured at 734 nm. The IC50 value was interpolated in
a graph % of ABTS reduction vs. concentration in µg/mL for the correspondent value of
50% reduction. The results were expressed as TE, obtained interpolating the absorbance
of 1 mM trolox in the graph % of ABTS reduction vs. concentration. Three independent
experiments in triplicate were performed for each of the assayed extracts.

2.4. Anti-Inflammatory Activity Evaluation
2.4.1. Nitrite Production by Griess Assay

Raw 264.7, a mouse leukemic monocyte macrophage cell line from American Type
Culture Collection (Manassas, VA, USA), and kindly supplied by Dr. Otília Vieira (Center
for Neurosciences and Cell Biology, University of Coimbra, Portugal), was cultured in
Iscove’s Modified Dulbecco’s Eagle medium supplemented with 10% non-inactivated fetal
bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C in a humidified
atmosphere of 95% air and 5% CO2. The cells were monitored to detect any morphological
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change. For the experiments, the cells were plated (0.6 × 105 cells/well) with culture
medium and allowed to stabilize for 12 h. Then the cells were incubated during 24 h at 37 ◦C
in culture medium (control) or stimulated with 1 µg/mL of bacteria lipopolysaccharide
(LPS) (Sigma) with or without different concentrations of extract (0.1–2.0 mg/mL).

The anti-inflammatory activity was determined by the nitric oxide production, mea-
sured indirectly by the accumulation of nitrite in the supernatant through a colorimetric
assay with Griess reagent [0.1% (m/v) of N-(1-naphthyl)-ethylenediamine dihydrocloride
and 1% (m/v) of sulfanilamide with 5% of phosphoric acid] [27]. To perform the assay,
it was used 100 µL of the supernatant and 100 µL of Griess’s reagent and then stored away
from light during 30 min. The absorbance at 550 nm was measured in an automated plate
reader (Synergy HT, BioTek Instruments SAS, Colmar, France). Culture medium was used
as blank and nitrite concentration was determined from a regression analysis using serial
dilutions of sodium nitrite as standard.

2.4.2. Assessment of Cell Viability by Resazurin Assay

In order to evaluate the cytotoxicity it was performed the resazurin assay [28]. After
the incubation with the samples, the cells were incubated with 100 µL of a resazurin
solution (10 µM in culture medium) during 2 h at 37 ◦C in a humid atmosphere with
5% CO2/95% air. Quantification of resorufin was performed using a plate reader (Synergy
HT, BioTek, Instruments SAS, Colmar, France) at 570 nm, with an optical filter for 620 nm.

2.5. Statistical Analysis

All samples were analysed, at least, in triplicates and the results were expressed as
mean ± standard deviation (SD). To calculate the IC50 values for the anti-inflammatory
activity, the linearization of the dose-response curve was performed as described by
Chou [29].

The statistical analysis of the cellular viability and anti-inflammatory activity was
performed in GraphPad Prism program (version 5.02, GraphPad Software, San Diego, CA,
USA). For the comparison between treatment conditions and control it was used two-sided
unpaired t-test. To evaluate the effect of different treatments to LPS-stimulated cells it was
performed One-way ANOVA followed by Bonferroni’s test. The limit of significance was
set at *** p < 0.001.

3. Results and Discussion
3.1. Nutrient Composition of C. vesicaria

The knowledge of the nutritional properties of wild plants is crucial to assess their
suitability for human consumption. In this study, the nutritional profile of Crepis vesicaria
subsp. taraxacifolia leaves was analyzed.

3.1.1. Nutritional Analysis of Crepis vesicaria subsp. taraxacifolia Leaves

The nutritive content of Cv leaves was determined (Table 1). The proximate compo-
sition revealed high moisture content, even though all foods contain water; those with a
higher content are more prone to the rapid occurrence of microbial spoilage phenomena,
enzymatic degradation and other moisture-dependent chemical deterioration reactions.
Therefore, precautions should be considered to prevent rapid deterioration during storage,
such as drying or freezing.
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Table 1. Nutritive content of Crepis vesicaria subsp. taraxacifolia leaves (mean ± SD; n = 3).

Composition Raw Matter Dry Matter

Energy (KJ/100 g) 175.190 ± 0.259 1211.80 ± 2.11
Energy (Kcal/100 g) 41.840 ± 0.062 289.43 ± 0.50
Moisture (g/100 g) 85.540 ± 0.006 -
Protein (g/100 g) 1.040 ± 0.003 7.18 ± 0.02
Dietary fiber (g/100 g) 4.240 ± 0.015 29.35 ± 0.11
Insoluble Dietary fiber (g/100 g) 3.490 ± 0.026 24.14 ± 0.18
Acid detergent fiber (ADF) (g/100 g) 3.120 ± 0.011 21.59 ± 0.08
Cellulose (g/100 g) 2.550 ± 0.002 17.61 ± 0.02
Crude fiber (g/100 g) 2.460 ± 0.009 17.00 ± 0.06
Hemicellulose (g/100 g) 0.620 ± 0.012 4.27 ± 0.09
Lignin (g/100 g) 0.440 ± 0.013 3.03 ± 0.09
Acid detergent lignin (ADL) (g/100 g) 0.430 ± 0.006 2.99 ± 0.04
Nitrogen-free extractives (g/100 g) 7.530 ± 0.010 52.11 ± 0.07

Carbohydrates
Maltose (g/100 g) 2.470 ± 0.015 17.11 ± 0.11
Fructose (g/100 g) 0.940 ± 0.012 6.53 ± 0.08
Glucose (g/100 g) 0.340 ± 0.012 2.37 ± 0.08

Total carbohydrates, calculated by difference, were the most abundant macronutrients
(9.99 g/100 g wet weight (w/w)), followed by ash, protein and lipids. Carbohydrates
play a major role in human diet. They are the main source of energy, and also help to
maintain glycemic homeostasis and gastrointestinal integrity, among other functions. A
healthy adult diet should include about 130 g of carbohydrates per day [30]. Cv leaves
contain an important amount of carbohydrates, which is in line with what has been re-
ported for other wild Asteraceae plants traditionally consumed in the Mediterranean
region, such as Taraxacum obovatum, Chondrilla juncea, Sonchus oleraceus, Cichorium intybus,
Scolymus hispanicus and Silybum marianum [31]. An important fraction of the total carbo-
hydrates content in Cv leaves is fiber. In this study, different fiber measurement methods
were used and the results showed that the chosen method has an impact on the values
observed for different fiber parameters. Weende’s crude fiber analysis determines cellulose,
lignin and some hemicellulose, pectin, gums and mucilages. The acid detergent lignin
(ADL) measures lignin, the acid detergent fiber (ADF) determines cellulose and lignin,
and the neutral detergent fiber (NDF) consists mainly in the measurement of cellulose,
hemicelluloses and lignin [32]. Regardless of the method, the results reveal that Cv leaves
are an interesting dietary fiber source, with insoluble dietary fiber being the major fraction.
It is well established that the daily consumption of about 25–30 g of fiber, for an adult,
markedly reduces the risk of cardiovascular and digestive diseases [30]. Also, Cv leaves
may contain insoluble-bound phenolics present in the cell wall plant components. These
insoluble-bound form can contribute for to protection of cardiovascular health [33]. Thus,
the use of this plant, either individually or added to other foods, may contribute to a
desired increase in fiber intake with the associated health benefits.

With regard to the available carbohydrates, the estimated value was 5.75 g/100 g
(w/w). The total sugars content found was 3.76 g/100 g (w/w), with maltose as the main
sugar (2.47 g/100 g, w/w), followed by fructose and glucose. Protein makes up 1.04 g/100 g,
w/w of Cv leaves. This value is considerably lower than that reported by Barnett and
Crawford [34]. Variations in protein levels may be due to differences between species,
environmental and climatic factors, or a mixture of both.

3.1.2. Lipid and Fatty Acids Composition of Crepis vesicaria subsp. taraxacifolia Leaves

According to Table 2, the lipid content was moderate, 0.69 g/100 g, w/w (4.78 g/100 g
dry weight (dw)), higher than that reported for C. Juncea, the highest lipid content Aster-
aceae (0.79 g/100 g, w/w) analyzed in the study of García-Herrera [31]. The fatty acid
profile of Cv leaves showed a predominance of polyunsaturated fatty acids (PUFA)
(402.84 mg/100 g, w/w), mainly comprised by α-linolenic acid (343.24 mg/100 g). Total
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saturated fatty acids (SFA) concentration was 159.82 mg/100 g, w/w, with the main con-
stituent being palmitic acid (108.75 mg/100 g, w/w). For a nutritional “good quality”,
including beneficial effects in terms of cardiovascular risk reduction, the PUFA/SFA ratio
should be > 0.45, whilst n-3/n-6 fatty acids ratio should be > 4 [35]. In the present study,
the PUFA/SFA ratio was 2.52 and the n-3/n-6 fatty acids ratio was 5.76. The presence of
considerable amounts of oleic acid (60.49 mg/100 g, w/w) should also be highlighted, given
the beneficial properties that have been attributed to it in the context of the immunomodu-
lation, prevention and treatment of several pathologies such as cancer, cardiovascular and
autoimmune diseases, and metabolic disturbances [36].

Table 2. Lipid and fatty acids composition of Crepis vesicaria subsp. taraxacifolia leaves (mean ± SD;
n = 3).

Composition Raw Matter Dry Matter

Fatty acids, total polyunsaturated (mg/100 g) 402.840 ± 0.146 2786.53 ± 1.01
Fatty acids, total saturated (mg/100 g) 159.820 ± 0.207 1105.48 ± 1.44
Fatty acids, total monounsaturated (mg/100 g) 123.710 ± 0.063 855.75 ± 0.44
α-Linolenic acid (C18:3n-3) (mg/100 g) 343.240 ± 0.065 2374.30 ± 0.57
Linoleic acid (C18:2n-6) (mg/100 g) 59.600 ± 0.084 412.23 ± 0.45
Oleic acid (C18:1n-9) (mg/100 g) 60.490 ± 0.087 418.43 ± 0.58
Palmitic acid (C16:0) (mg/100 g) 108.750 ± 0.004 752.26 ± 0.56
Gondoic acid (C20:1) (mg/100 g) 63.220 ± 0.086 437.32 ± 0.59
Arachidic acid (C20:0) (mg/100 g) 17.490 ± 0.091 121.00 ± 0.63
Stearic acid (C18:0) (mg/100 g) 21.520 ± 0.047 148.84 ± 0.60
Margaric acid (C17:0) (mg/100 g) 12.050 ± 0.081 83.38 ± 0.33
Lipids (g/100 g) 0.690 ± 0.004 4.78 ± 0.03

3.1.3. Minerals and Heavy Metal Composition of Cv Leaves

Given the results in Table 3, Crepis vesicaria L. subsp. taraxacifolia leaves exhibited
moderate levels of ash (2.74 g/100 g, w/w). This value is within the recommended range
for human consumption and reveals considerable mineral richness, which is corroborated
by studies on similar species, such as C. commutata and C. vesicaria [37]. The mineral
fraction is an aspect of greater relevance in the use of edible plants in human nutrition.
The inappropriate intake of minerals (macrominerals and trace minerals) is the cause of
multiple degenerative and chronic diseases. Calcium (Ca), phosphorous (P), magnesium
(Mg), sodium (Na), potassium (K) and iron (Fe) are essential elements and their intake
is necessary at mg/kg level to keep the human body healthy. Zinc (Zn), copper (Cu),
manganese (Mn), chromium (Cr), and nickel (Ni) are required at trace levels in the diet [38].
Concerning the macrominerals composition of Cv leaves, K, Ca and Na were the most
abundant (591.29 mg/100 g, w/w; 309.93 mg/100 g, w/w; 76.78 mg/100 g, w/w, respec-
tively). The macromineral profile found was identical to that reported for C. vesicaria (K >
Ca > Na > P > Mg), but different from that observed in C. commutata (K > P > Na > Mg >
Ca) [37]. When compared to other wild Asteraceae, such as S. hispanicus, K and Ca contents
are lower, but Cv can still be considered a remarkable source of these minerals, better
than many conventional vegetables [31]. Zn and Mn were found as major trace minerals
(0.86 mg/100 g, w/w and 0.83 mg/100 g, w/w, respectively). The most abundant trace
minerals in C. vesicaria and C. commutate were Fe and Mn. Crepis spp. seem to be a good
source of Mn. The contaminants cadmium (Cd), lead (Pb) and mercury (Hg) were detected.
These toxic metallic elements can induce damage to multiple organs and have carcino-
genic effects [39]. Pb levels are below the maximum values legislated, 0.30 mg/kg, w/w.
However, the concentration of Cd coincides with the maximum level of contamination that
is considered safe, 0.2 mg/kg, w/w [40]. Overall, the results indicate that, when located
in polluted areas, these plants can accumulate toxic metals in concentrations that may
represent a risk to the consumer’s health.
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Table 3. Minerals and heavy metal composition of Crepis vesicaria subsp. taraxacifolia leaves
(mean ± SD; n = 3).

Composition Raw Matter Dry Matter

Ash (g/100 g) 2.740 ± 0.007 18.94 ± 0.05

Minerals

Potassium (mg/100 g) 591.290 ± 0.058 4090.07 ± 0.31
Calcium (mg/100 g) 309.930 ± 0.090 2143.84 ± 0.62
Sodium (mg/100 g) 76.780 ± 0.084 531.12 ± 0.42
Phosphorus (mg/100 g) 59.910 ± 0.074 412.33 ± 0.51
Magnesium (mg/100 g) 45.460 ± 0.066 314.46 ± 0.34
Zinc (mg/100 g) 0.860 ± 0.012 5.97 ± 0.09
Manganese (mg/100 g) 0.830 ± 0.006 5.71 ± 0.04
Iron (mg/100 g) 0.590 ± 0.003 4.05 ± 0.02
Copper (mg/100 g) 0.420 ± 0.012 2.89 ± 0.09
Nickel (mg/100 g) 0.110 ± 0.011 0.79 ± 0.08
Chromium (mg/100 g) 0.020 ± 0.003 0.11 ± 0.02

Heavy metals
Cadmium (µg/100 g) 19.300 ± 0.076 133.52 ± 0.53
Lead (µg/100 g) 2.300 ± 0.094 15.92 ± 0.65
Mercury (µg/100 g) 0.050 ± 0.002 0.36 ± 0.01

3.2. Screening for Antioxidant/Scavenging Activity

The ability of ROS to activate the inflammation signaling pathway, through activation
of pro-inflammatory cytokines is well known. The literature describes that colorimetric
methods to assess antioxidant activity like DPPH and ABTS, are a good tool to select the
extracts more promising [41]. Also, it was reported that phenolic extracts bearing higher
radical scavenging towards DPPH and ABTS, present higher inhibition of NF-kB activation
mediated by ROS [41]. Given the correlation between antiradical activity and inhibition of
the NF-kB signaling pathway, the antioxidant activity of the extracts was screened using
the DPPH and ABTS colorimetric methods. Based on the results obtained, it was chosen
the extract that demonstrated the greatest activity in these tests.

The infusion (10 mg of dry plant/mL) was screened for antioxidant activity as it is
the form of use in traditional medicine. However, the percentage of reduction observed
was 20.27%. As the Cv 70% EtOH extract was the most active extract it was lyophilized
(previously described in Material and Methods) and characterized relatively to its phenolic
profile, and antioxidant and anti-inflammatory activities.

Regarding antioxidant activity, the infusion presented an IC50 of 103.22 ± 5.61 µg/mL
and a TEAC of 441.980 ± 0.058 mg/mL. The IC50 of Cv 70% EtOH was 26.20 ± 1.86 µg/mL
and TEAC of 111.980 ± 0.041 mg/mL meaning that this extract is more active than the
infusion. Subsequently, the antioxidant activity of the 70% ethanol extract was assessed by
FRAP and ABTS methods (Table 4). The ABTS and DPPH methods are based on electron
and H atom transfer while the FRAP is based on electron transfer reaction [42]. Attending
to the results, the Cv extract present reducing power besides their ability in scavenging free
radicals. The results shown that the Cv 70% EtOH extract has a good radical-scavenging
activity and antioxidant activity.

Table 4. Antioxidant activity of ethanolic extract (Cv 70% EtOH) from Crepis vesicaria L. subsp. taraxacifolia.

IC50 (µg/mL) TE *

DPPH• 26.20 ± 1.86 111.980 ± 0.041
ABTS• (pH = 7) 18.92 ± 2.24 21.670 ± 0.012
FRAP - 0.678 ± 0.168

* TE (Trolox Equivalent): Amount of the samples (µg/mL) that has the same anti-radical activity of
Trolox 1 mM. The results are expressed as mean ± SD of three independent experiments.
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3.3. Phenolic Profile of 70% Ethanolic Extract from Crepis vesicaria subsp. taraxacifolia

Based on the given results relatively to the antioxidant activity, the 70% EtOH from
Cv extract is the most active. Therefore, the phenolic profile by HPLC-PDA-MSn of this
extract was assessed (Figure 1).
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Figure 1. HPLC-PDA-ESI/MSn profile of 70% ethanol extract from Cv recorded at 280 mn. It was
used the gradient 2 described in Material and Methods section. (The chromatogram of the extract
is not shown up to 40 min as no further compounds were eluted after this time period. Peaks
1–6 identification is showed in Table 5).

According to the absorption spectra, the 70% EtOH Cv extract is mainly composed of
phenolic acids, generally presenting a shoulder at 295 nm and a maximum wavelength of
330 nm (Table 5), indicating to be caffeic or ferulic acids derivatives [43].

Table 5. Compounds identified in Cv 70% ethanol extract by HPLC-PDA-ESI/MS n.

Compound Partial Identification Rt (min.) λmax. by HPLC/PDA
(nm) [M-H]− MS 2 MS 3

1 Caffeic acid
[44] 13.54 238, 251, 291 sh,

299 sh, 328 179 [179]: 135 (100)
[179 135]: 151 (13), 135
(61), 125 (11), 107 (24),
91 (100)

2 Quinic acid
[44] 20.33 238, 253, 291 sh,

300 sh, 326 191

[191]: 173 (82), 171 (24),
147 (12), 127 (100), 111
(45), 109 (27), 93 (46), 87
(14), 85 (66)

—

3 Chicoric acid isomer
[45] 25.59 238, 251, 291 sh,

299 sh, 329 473 [473]: 311 (100),
293 (80)

[473 311]: 179 (62),
149 (100)

4 Chicoric acid isomer
[45] 26.12 238, 251, 292 sh,

300 sh, 329 473 [473]: 311 (100),
293 (80)

[473 311]: 179 (58),
149 (100)

5 Chicoric acid isomer
[45] 28.47 238, 251, 292 sh,

299 sh, 330 473 [473]: 311 (100),
293 (80)

[473 311]: 179 (61),
149 (100)

6 Feruloyl hexosylpentoside
[46] 32.77 238, 253, 292 sh,

299 sh, 329 487 [487]: 325 (100),
307 (46), 293 (77) [487 325]: 193 (100)

Identification based on the UV-Vis spectra, molecular weight and fragmentation patterns, which are according to authors referred.

In an attempt to identify the compounds of this extract, HPLC-PDA-ESI/MSn was
performed. The results (Table 5) showed that the extract consisted mainly of phenolic acids,
namely caffeic and ferulic acid derivatives as well as chicoric acid isomers. The chicoric
acid was identified as the main compound of the Cv 70% ethanol extract.

Compound 1. MS analysis showed a molecular ion [M-H]- at m/z 179 and a fragmen-
tation pattern typical of caffeic acid. MS2 data presented fragments at m/z 135 indicating a
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decarboxylated caffeic acid moiety [(M-H-CO2]-. The compound 1 was tentatively identi-
fied as caffeic acid [44].

Compound 2. This compound presents a molecular ion [M-H]- at m/z 191. MS2 most
abundant fragments are m/z 173 indicating a dehydrated quinic acid moiety [M-H-H2O]-.
This compound was tentatively identified as quinic acid [44].

Compounds 3, 4 and 5. The molecular ion [M-H]- occurs at m/z 473. The MS2

presents a fragment at m/z 311, indicating the presence of deprotonated caftaric acid [M-H-
C13H12O9]- and m/z 293 corresponding to the neutral loss of caffeic acid [M-H-C9H8O4]-.
MS3 profiles have a fragment at m/z 149 corresponding to the tartaric acid and at m/z
179 corresponding to a deprotonated molecule of caffeic acid [M-H-C9H8O4]-. Based on
this fragmentation pattern, these compounds were tentatively identified as chicoric acid
isomers [47]. Accordingly with the literature, the most abundant chicoric acid isomer is
L-chicoric acid [47]. The quantification by HPLC-PDA of this isomer was performed using
a standard. The peak of the L-chicoric acid standard has approximately the same retention
time of peak 5. Therefore, peak 5 was tentatively identified as L-chicoric acid.

Compound 6. This compound has a molecular ion [M-H]- at m/z 487. MS2 showed
fragments at m/z 325 (loss of 162 Da) indicating the loss of a hexose [M-H-C6H12O6]- and
at 307 that indicates the subsequent loss of water [M-H-C6H12O6-H2O]-. The MS3 fragment
m/z 193 indicates the presence of ferulic acid [48], that can be probably associated to a
hexosylpentosyl residue. All the data suggest that compound 6 was tentatively identified
as feruloyl hexosylpentoside [46].

3.4. Quantification of Chicoric Acid

The major constituents in Crepis vesicaria subsp. taraxacifolia were chicoric acid deriva-
tives and the evaluated activities were attributed to these compounds. Therefore, the L-
chicoric acid was quantified by HPLC-PDA. The equation of calibration curve of L-chicoric
acid was y = 4011236.2307 × −36474316.1324 (r2 = 0.99). Based on this equation, the con-
centration of L-chicoric acid in the Cv 70% EtOH extract was 130.5 ± 4.2 mg/g extract of
Cv 70% EtOH. The LOD and LOQ were 19.74 ± 3.33 mg/g extract and 44.58 ± 2.96 mg/g
extract, respectively.

3.5. Assessment of Cell Viability of the Cv 70% EtOH Extract

The citotoxicity of the Cv 70% EtOH extract in macrophages was evaluated. The results
(Figure 2) showed that none of the tested concentrations were cytotoxic.
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The cytotoxicity of chicoric acid in macrophages (Raw 264.7 cells) has also been was
tested. The studies performed have shown that this compound is not cytotoxic [49]. There
are few cell viability studies in normal cells with Cv extracts. However, some researchers
studied the effects of a methanol extract of Cv flowers on tumor (HEPG-2, Caco-2 and
MCF-7) and non-tumor (MCF-10A) cells. The Cv extract was not cytotoxic to the non-tumor
cell line and cytotoxic to the tumor lines and therefore had some selectivity over tumor
cells [9].

3.6. Antioxidant and Anti-Inflammatory Activity of the Cv 70% Ethanol Extract

The results showed that Cv 70% ethanol extract inhibited NO production in a dose-
dependent manner (Figure 3) and the IC50 was 0.428 ± 0.00669 mg/mL. Cv extract is little
active in inflammation compared to the results obtained in antioxidant activity.
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Figure 3. Effect of Crepis vesicaria subsp. taraxacifolia ethanolic extract on NO production in
macrophages (RAW 264.7 cells). Each result represents the mean ± SD (minimum of three in-
dependent assays). *** p < 0.001 compared with the LPS group.

Reactive oxygen species are involved in various pathologies including inflammation.
Cv extract was shown to have a high antioxidant activity. According to the characterization
of the extract by HPLC-PDA-ESI/MSn, the extract has phenolic acids namely caffeic and
ferulic acid derivatives as well as chicoric acid isomers. The mechanisms involved in the
antioxidant activity by which phenolic compounds act are based on: ability to chelate
metals, such as copper and iron, that participate in the Fenton reaction generating hydroxyl
radicals; interrupt signaling pathways triggered by free radicals; interfere with enzyme
activity [50]. It is known that the antioxidant activity of phenolic compounds is directly
related to the number of hydroxyl groups. Chicoric acid was identified as the major
compound present in the extract. This compound has two caffeic acid moieties which
are responsible for the high activity observed relatively to caffeic acid [51]. Some authors
relate high molecular weight phenolic compounds, such as chicoric acid, with antioxidant
activity [52]. Therefore, the observed antioxidant activity by H transfer and electron transfer
reaction can be mostly attributed to chicoric acid.

Other plants of the genus Crepis are reported to have various biological activities
including anti-inflammatory activity [6]. Chicoric acid has been reported to have that
activity inhibiting activated immune cells, nitric oxide synthase and cyclooxygenase-2
through its inhibitory effects on nuclear factor NF-κB and TNF-α [53–55]. However, the
results of Cv 70% EtOH extract weren’t satisfactory in the anti-inflammatory activity.
This fact can be due to the extract matrix [53] or antagonistic interactions between the
matrix compound [56]. Moreover, this extract have chicoric acid isomers, and the observed
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activity can be due to this isomers. Further studies are needed to understand the inherent
mechanisms of these compounds in anti-inflammatory activity.

4. Conclusions

The 70% ethanol Crepis vesicaria subsp. taraxacifolia leaves extract presents antioxidant
and anti-inflammatory activities. Besides its biological activities, the Cv leaves extract
demonstrated to have a high content of lipids and fatty acids. Given the observed an-
tioxidant activity, Cv extract may be used as a functional food to prevent oxidative stress
and its associated pathologies. In fact, Cv leaves displayed an interesting nutritional
composition, with a low energetic contribution of 41.84 kcal/100 g, w/w. Some potential
uses for this plant’s leaves may be the development of new additives for human and/or
animal consumption or food supplements that contribute to a balanced diet. In a context of
food insecurity, their incorporation as an ingredient in recipes may also be of interest to
increase their nutritional and functional value. From another perspective, to increase the
consumption of this abundant and under-exploited plant, it is important to investigate its
nutritional value and antioxidant and anti-inflammatory properties, but also to ensure that
its consumption is safe, i.e., without neglecting the risk of contamination by toxic metals.
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Adv. Hyg. Exp. Postępy Hig. Med. Doświadczalnej 2013, 67, 958–963. [CrossRef]
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Abstract: This study aims to evaluate food insecurity (FI) among Brazilian Community restaurant
food handlers and its associated factors. This cross-sectional study was performed with a representa-
tive sample of 471 food handlers working in community restaurants (CR) from all Brazilian regions.
Participants are mostly female (62.2%), ≤40 years old (67.7%), with a partner (52.0%), and with up to
eight years of education (54.1%). Predictors of participants’ socioeconomic status and CR geographic
location are associated with the household food insecurity categories (p < 0.05). The predictors of
socioeconomic conditions are associated with mild and moderate/severe FI category. Workers with
less education are twice as likely to belong to the category with the highest FI severity. Lower per
capita household income increased the chances of belonging to the mild insecurity category by 86%.
It more than doubled the chance to be in the category of moderate/severe insecurity. Predictors
of health status, lifestyle, and work are not associated with any multinomial outcome categories.
However, working in the South, Southeast, or Midwest regions of Brazilian decreased the chances
of belonging to one of the FI categories, with significance only for the mild category. Variables that
show an association for this population are per capita household income for the different levels of FI
and the CR region for mild FI. A high prevalence of FI in this population points to the need for more
studies with low-income workers to prevent FI and its health consequences.

Keywords: Brazil; community restaurants; food handlers; food insecurity; low-income

1. Introduction

Food insecurity is a global public health problem, affecting more than 2 billion people
worldwide [1]. Food security is a basic need covering access to safe, sufficient, and proper
nutritional food [2,3]. Among adults, food insecurity is related to the high prevalence of
chronic health problems that compromise this population’s quality of life and longevity.
It is strongly linked to economic vulnerability [1,4]. In Brazil, the estimation is that more
than 14 million households have some food insecurity level [5]; additionally, people eat
more outside their homes because they have less time to prepare meals. In Brazil, to the
low-income population, eating out tends to represent an intake of cheaper and fast snacks,
usually representing inadequate nutrient intake that influences their health outcomes
increasing the risk of chronic diseases and nutrient deficits [2,6–8].

In Brazil, people with no or limited access to adequate, safe, and nutritional food are
characterized in food insecurity situations (FIS) [5]. FIS can generate fear of the inability to
obtain food (influencing quantity or quality of food choice) or generate hunger in the most
severe cases due to the scarcity of food at home [5]. The FIS determinants can present social,
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economic, and political nature, affecting populations’ health. The living and working
conditions of individuals and population groups are related to their health situation [9].
Among the factors associated with FIS, mainly in the moderate and severe categories of
FI, income, and weight excess have been highlighted [10]. Women in developed countries
have higher chances of being overweight and obese when in FIS [11].

Based on this information, the Brazilian Government developed the community
restaurant (CR) program as a strategy to face the FIS. CRs were created to offer safe,
cheap, and healthy meals to the low-income population [12,13]. The CR Program is one
of the programs integrated into the “Fome Zero” network of actions, a social inclusion
policy established in 2003 [13]. From the beginning, the Government planned to increase
the number of CR distributed throughout the Brazilian territory located in regions with
more significant numbers of low-income people, reaching 135 CRs in 2020 [13,14]. The
production and distribution of CR involve professionals with different education and
income levels [15], highlighting the food handlers that directly produce meals [13]. Among
food handlers, it is common to have weight excess [15–18], low education levels, and
low-income [15,19], making them more susceptible to FIS [10] even though they work
in places that produce a great amount of food. Godoy et al. [20] studied food insecurity
among CR customers. Despite a high percentage of FI (40.6% for males and 43.8% for
females), there were no significant associations between FI and Body Mass Index or body
fat percentage. There were significant associations between FI and household income and
educational levels. There was also an association with Brazilian’s regions among females,
FI being worse in the North and Northeast regions.

Few studies evaluated FIS among workers in Brazil [21–23] and in the world [24–27].
However, only three of these studies were performed with professionals working in food
service. A study showed a high prevalence of FIS perception among these professionals in
Canada compared to other professionals [24]. The two studies conducted in Brazil only
evaluated food handlers in a specific region without a nationwide Brazilian representative
sample of food handlers [21,22]. Studies with the population of food handlers demonstrate
their susceptibility to food insecurity [21,22], to excess weight [22,28], to management in
foodservice with a greater focus on the costs involved with the production of meals than
with the health of workers [29]. Even though the studies found in Brazil were both devel-
oped in the format of case studies [30–32], geographically delimited to institutional spaces,
such as universities, Brazilian states or municipalities [21–23,28,31–33], food insecurity is
multifactorial and, in CR, we hypothesize that socioeconomic and demographic factors of
food handlers are associated with food insecurity. Since the program tends to increase the
number of CR in Brazilian territory, more CRs open over the country, possibly resulting in
more opportunities to decrease FI among customers and more work opportunities for food
handlers. However, these food handlers need to be closely investigated because of their
well-being, quality of life, and food security to guarantee motivation to work and meals
safely produced. Therefore, the objective was to evaluate nationwide the food insecurity
among Brazilian CR food handlers and its associated factors. As it has an exploratory char-
acter, the study sought to answer the following question: What are the factors associated
with food insecurity among food handlers in Brazilian CR? We expect to provide data
allowing to promote interventions to reduce food insecurity among this vulnerable group
that works inside foodservices but does not overcome FI inside their families.

2. Materials and Methods
2.1. Design, Settings, and Participants

This cross-sectional study was performed in Brazilian CR (focused on the low-income
Brazilian population offering meals from Monday to Friday). It was conducted according to
the Declaration of Helsinki guidelines and approved by the University of Brasília Research
Ethics Committee (#037210). Written informed consent was obtained from all participants.

The basis of the sample calculation was the official list of all existing CR throughout
the Brazilian territory at the moment of data collection [13]. With CR nationwide selection,
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food handlers in different Brazilian regions and similar work conditions were evaluated.
Researchers were allowed to enter all of the CR with nationwide permission. The restaurant
inclusion criteria were to be part of the Brazilian CR program, sign the Institutional
Acknowledgement Agreement by the CR responsible, and offer daily more than 500 meals.
With more than 500 meals, CR allowed researchers to evaluate many workers, helping to
achieve a representative sample. Restaurants that provide less than 500 daily meals are
considered small and present fewer food handlers than medium or large restaurants that
offer more than 500 daily meals [34]. There were 65 existing CR in Brazil, and all of them
met the inclusion criteria.

From the 65 CR, a sampling plan was calculated considering a level of significance (α)
of 5% [35] using the “survey select” of the SAS 9.1.3 program (SAS Institute Inc., Cary, NC,
USA). Therefore, a minimum of 31 CR existing in each of the five Brazilian regions (North,
Northeast, Midwest, South, and Southeast) was randomly selected to be part of the study.
The final sample of 36 restaurants was used, respecting the stratification criteria by the
Brazilian region. The distribution of randomly drawn CRs was proportional to the number
of CR in each region. The researchers visited 36 CR and included them in the sample (4 in
North, 10 in Northeast, 1 in Midwest, 15 in Southeast, and 6 in South). All of the working
food handlers in the 36 drawn CR were invited to participate in this study (n = 1062). Data
collection was carried out over four consecutive days to cover the various work schedules
to guarantee access to the largest possible number of handlers in each CR. Therefore, from
the total of 1062 handlers working on the selected CRs, 970 met the inclusion criteria (e.g.,
not being pregnant, and workers on vacation or not working due to medical issues). From
them, 471 (48.6%) agreed to participate and completed the study.

Some handlers refused to participate in the research because they did not want to
stop working or worried about employability. Even though researchers explained that
participation would not influence their work, some decided not to participate in the study.
A total of 383 individuals was necessary to be a representative sample stratified in the five
Brazilian regions according to the number of food handlers in each region. Participants
were not compensated for the participation. They were just informed about the importance
of the study for their category. The study used a 95% confidence interval and an error of
4%, respecting the minimum handlers’ sample per Brazilian region [35]. Therefore, it was
necessary to achieve a minimum of 11% of the handlers from the North, 28% from the
Northeast, 3% from the Midwest, 41% from the Southeast, and 17% from the South.

2.2. Data Collection

Trained researchers performed data collection using standardized instruments to identify
socio-demographic characteristics and the Brazilian Food Insecurity Scale (EBIA/BFIS) [36].
The socio-demographic variables were gender, age, educational level, per capita household
income, marital status, smoking status, participation in a governmental program, and how
many years or months the individual has worked in the CR. The presence of diagnosed
non-communicable diseases (NCDs) (by a physician) was self-reported. The information was
recorded in a specific form showing the presence or absence of one or more than one of the
following NCDs: Systemic arterial hypertension (SAH), type 2 diabetes mellitus (DM), and
others (cancer, dyslipidemia, cardiovascular diseases, respiratory diseases, depression). The
self-reported NCD data was used because population studies widely use this method for its
convenience and economy [37,38].

The individuals who agreed to participate signed the consent form after receiving
information about the research. Before participants’ lunch in a reserved room, weight and
height were measured with a Plenna® (São Paulo, Brazil) weighing scale (150 kg) and a
stadiometer (220 cm). Participants had to take off their shoes and coats. After that, the
body mass index (BMI) was calculated [39]. The anthropometric status based on body mass
index classification [39] was dichotomized on weight excess (0. No; 1. Yes). The cut-off
point used to indicate excess weight was a BMI value ≥ 25 kg/m2, which covers both the
category of overweight and obesity.
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2.3. Dependent Variable

The study’s outcome, household food security situation (HFSS), was obtained through
EBIA/BFIS adapted and validated for the Brazilian population [40,41]. The EBIA/BFIS
seeks to assess the perception and experience of household residents’ hunger in the three
months before the instrument application. The positive answers to the 14 questions of
the instrument categorize the level of food security/insecurity (considering the age of the
residents) in food security (0 points); mild food insecurity (1–5 points in the presence of
residents <18 years old, or 1–3 points in the absence of residents <18 years old); moderate
food insecurity (6–9 points in the presence of residents <18 years old, or 4–5 in the absence
of residents <18 years old) and, severe food insecurity (10–14 points in the presence of
residents <18 years old, or 6–8 points in the absence of residents <18 years). Based on the
methodology adopted by Panigassi et al. [42], for this study, the HFSS categories were
grouped into food security, mild food insecurity, and moderate/severe food insecurity.

2.4. Statistical Analysis

The data were analyzed with the STATA 15.0® (StataCorp LP, College Station, TX,
USA), using frequencies to describe the categorical variables and Pearson’s chi-square test
(χ2) to identify associations (p-value < 0.05).

The outcome with three categories of HFSS, multinomial (polytomous) logistic regression
models were used. They are applicable for outcomes with three or more levels [43]. For this
study, the category “food security” was chosen as a reference. In this type of analysis, the
logistic model will have two logit functions: the ratio between Y = 1 and Y = 0 and the ratio
between Y = 2 and Y = 0, with Y = 0 as the referent. The numbers 0, 1, and 2 represent the food
security status classification for statistical analysis—(0) Food Security—the household has
regular and permanent access to food in sufficient quantity and quality without compromising
access to other needs; (1) Mild food insecurity—at this level there is uncertainty regarding
access to food in the future, with a change in the quality of food, but without compromising the
amount of food; (2) includes the levels of moderate food insecurity and severe, in which there
is already a quantitative reduction in access to food, causing changes in the dietary pattern of
residents at home. These categories were grouped to enable comparison with population data
given that national food insecurity assessment studies [44] and international [45] present their
analyses considering the grouped on these two levels.

Bivariate multinomial regression models, with HFSS as the dependent variable, were
applied to all predictor variables. This stage helped to understand the initial associations of
the determinant factors for the HFSS of this population and the magnitude of each predic-
tor’s effect by calculating the gross Odds Ratio (OR) and their respective 95% Confidence
Intervals (CI). The predictor variables were included in the multivariate model based on
two assumptions. The first assumption was the theoretical basis underlying the HFSS. The
second one was the statistical decision based on the bivariate multinomial model result
with a value of p < 0.20 [16]. Thus, the multivariate multinomial model was composed of
the predictors that met the assumptions and were adjusted together, without considering
hierarchical order or determination level.

The backward stepwise procedure was used for the selection in the final model. The
Likelihood Ratio Test (LRT) was used to test hypotheses about the significance of the
predictor variables, that is, to evaluate the effect at all levels of the outcome simultaneously,
which affects the number of parameters tested and the degrees of freedom associated with
the test [46]. Thus, the comparison of the observed and the expected values using the
likelihood function was based on the expression:

D = −2lnLreduced −
(
−2lnL f ull)

)
∼ X2

The full model corresponds to the complete multivariate model and the reduced
model to the model without a corresponding predictor, following a chi-square distribution
with degrees of freedom equal to the number of set parameters (defined as zero under the
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null hypothesis—H0). Statistically significant results (p < 0.05) reject H0 and indicate that
the predictor is significant for the model, being maintained in the final model.

3. Results

The socioeconomic and demographic characteristics, health status, HFSS, and aspects
related to food handlers’ work in CR are in Table 1. The sample was composed mainly of
women (62.2%), aged ≤40 years old (67.7%), with a partner (52.0%), and with up to eight
years of education (54.1%). In most households, there were up to two people employed
(78.8%), less than six rooms (64.4%), per capita household income below half a minimum
wage (40%), and 19.3% of the workers in government programs. Among the health risk
behaviors or conditions, overweight and alcohol use was more prevalent (60.8% and 46%,
respectively) when compared to the smoking habit (17.2%) and the presence of NCDs
(19.1%). More than half of these professionals were working in the CR for ≥12 months
(57.3%) (Table 1). For most of the factors in Table 1, the median value was used to split the
sample and perform the analysis.

Predictors of socioeconomic status (education, per capita household income, and
participation in governmental programs) and geographic location of the CR were associated
with the HFSS categories by the chi-square test (p < 0.05) (Table 1).

There was no significant association between mild FI and the demographic variables in
the bivariate multinomial analysis. In contrast, the predictors of socioeconomic conditions
were associated with both the mild and the moderate/severe FI category. Workers with
less education were twice as likely to belong to the category with the highest severity
of food insecurity (OR: 2.17; 95% CI: 1.25–3.77). Having lower per capita household
income increased the chances of belonging to the category of mild insecurity by 86%
(OR: 1.86; 95% CI: 1.20–2.88) and more than doubled the chance to be in the category of
moderate/severe Insecurity (OR: 3.8; 95% CI: 2.18–6.60) in addition to participating in
governmental programs (OR: 3.17; 95% CI: 1.75–5.74). Living in households with fewer
rooms was also associated with the most severe food insecurity category (OR: 1.87; 95% CI:
1.05–3.34) (Table 2).

Predictors of health status, lifestyle, and work were not associated with any of the
multinomial outcomes’ categories at a 5% significance level. However, working in the
South, Southeast, or Midwest regions of Brazilian decreased the chances of belonging to
one of the Food Insecurity categories between 21% to 42%, with significance only for the
mild category (OR: 0.58; 95% CI: 0.38–0.88) (Table 2).

The bivariate multinomial regression models confirmed the associations of education,
per capita income, participation in a governmental program, and the Brazilian region with
the categories of HFSS, with an increase in the number of rooms among the predictors. Be-
sides, variables that showed association with any of the categories of HFSS (p-value < 0.20)
were also included in the multivariate multinomial model (gender, number of people
working at home, and the presence of NCDs) (Table 2).
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Table 3 shows the results of the multivariate model containing eight predictors selected
in the previous steps. They were associated with at least one of the categories of HFSS
with a value of p < 0.20. In the complete crude model, per capita income (Mild Insecurity—
OR: 1.64; 95% CI: 1.01–2.66/Moderate/Severe Insecurity—OR: 2.7; 95% CI: 1.48–4.94);
participation in a governmental program (Moderate/Severe Insecurity—OR: 2.02; 95%
CI: 1.04–3.92) and CR region (Mild insecurity—OR: 0.5; 95% CI: 0.31–0.80) maintained
an association with HFSS, increasing the chances of a CR worker belonging to one of the
risk categories for food insecurity when in unfavorable socioeconomic situations, and
compared to those with better socioeconomic conditions.

A stepwise backward method was applied to the multinomial model to adjust the final
HFSS model. Calculating the odds ratios and standard errors and the model’s goodness
adjustment indexes guided the model’s choice that best-suited data. Reduced models with
smaller Akaike information criterion (AIC) than the previous model indicated the removal
of the tested variable, as well as the p-value (>0.05) of the LRT (Table 4). The variables per
capita household income, number of rooms, and number of people working (at the same
home), in addition to the CR Brazilian region, remained in the model (Table 5).

Despite being maintained in the final model, considering the LRT results, the number
of rooms and the number of people working did not maintain the association with food
insecurity in the adjusted model. When tested, they were not confirmed (range of esti-
mates < 10%). The multivariate model results confirmed the statistical significance of per
capita household income as a predictor of HFSS. Food handlers with per capita household
income equal to or less than half the minimum wage were 1.77 times more likely to be in a
situation of mild food insecurity (OR: 1.77; CI95: 1.12–2.80) and around three times more
likely to be in a situation of moderate/severe food insecurity (OR: 3.52; CI95: 2.00–6.19)
when compared to individuals belonging to the food security category. In the adjusted
model, the association with the CR Brazilian region was maintained in mild food insecurity.
Therefore, the food handlers working in CR located in the Midwest/Southeast/South
regions were 47% less likely to experience mild food insecurity (OR: 0.53; CI95: 0.34–0.83)
compared to individuals in food security (Table 5).

Table 3. Multivariate multinomial logit model for predictors of Household Food Security Situation (reference group: food
security) in food handlers of community restaurants.

Variables
Mild Insecurity Moderate/Severe Insecurity

OR SE p-Value IC95% OR SE p-Value IC95%

Incomplete/complete elementary education 1.27 0.3 0.32 0.79–2.02 1.76 0.54 0.07 0.96–3.22
Gender: Female 1.27 0.31 0.32 0.79–2.05 1.23 0.38 0.50 0.67–2.26

Income: ≤1/2 MW 1.64 0.4 0.04 1.01–2.66 2.7 0.83 0.001 1.48–4.94
Number of rooms ≥ 6 0.83 0.20 0,45 0.52–1.34 0.65 0.21 0,18 0.35–1.22

1 or 2 work in the family 1.02 0.29 0.93 0.59–1.79 1.22 0.48 0.61 0.56–2.64
Government program participation: Yes 1.29 0.39 0.41 0.71–2.34 2.02 0.68 0.04 1.04–3.92

NCD: No 1.62 0.51 0.12 0.88–2.98 1.07 0.38 0.85 0.53–2.15
Brazilian region: Midwest/South/Southeast 0.5 0.12 0.004 0.31–0.80 0.68 0.2 0.20 0.38–1.22

OR: Odds ratio; SE: standard error.
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4. Discussion

Food insecurity is a public health problem, affecting individuals in all parts of the
world. The latest survey conducted in 2018 by the Food and Agriculture Organization of
the United Nations (FAO) showed that about two billion people suffered from moderate
or severe food insecurity, representing 26.4% of the world population [1]. In Latin Amer-
ica, including Brazil, 188 million people had the perception of moderate to severe food
insecurity, representing 30.9% of the population [1]. In Brazil, the last populational study
that assessed food insecurity in households was the National Household Sample Survey
(PNAD/NHSS), carried out in 2013 and showed a prevalence of 22.6% of food insecurity
in the population [36].

In Brazil, the foodservice market employs about 250 thousand food handlers [47], who
work in several foodservice segments, such as this study’s locus (the CR). The findings can
be extended to others in the foodservice segment, such as the food handlers working in
hospitals, industrial or commercial food services. The activities of workers in the Brazilian
foodservice sector revolve around a common goal, the production of meals for groups,
whether healthy or sick [47], and, in the case of CR handlers, they provide meals for groups
in social vulnerability [13]. The results of this study can be extended to the population of
food handlers, given the peculiarities of this sector that include: (a) the composition of
teams with professionals from different levels of educational background and with different
and complementary activities [31]; (b) by workers from the different foodservice segments
with a high prevalence of excess weight [30,32,48–50]; (c) by workers without professional
training to carry out the activities, the in-service learning process takes place, which also
leads to high turnover in the sector [31]; (d) inadequate work conditions, characterized by
the requirement of long hours, rhythm and intense efforts with work overload, tasks such
as repetitive movements, leading to absenteeism and high turnover of workers and the
prevalence of work-related diseases [31]. This scenario reinforces the importance of the
study and its scope.

Our results showed a total prevalence of 44.4% of food insecurity, much higher than the
general population [51]. Moderate/severe food insecurity was almost twice the prevalence
of the Brazilian population. In this study, socio-demographic characteristics showed that
most food handlers were females in the age group ≤40 years old, similar to previous
studies carried out with food handlers [15,16,18,22].

Two studies on food handlers from CR, the first in the city of Rio de Janeiro (n = 273 in-
dividuals from 7 CR) [21] and the second in the city of Belo Horizonte (n = 180 individuals
from 4 CR) [22] showed a prevalence of total food insecurity of 53.7% and 24%, respectively.
This prevalence, as in our study, is higher than food insecurity for the Brazilian popula-
tion. It is worth mentioning that in these studies [21,22], most food handlers perceived
themselves in mild food insecurity, according to the EBIA/BFIS classification [36]. There
is a concern with access to food in the future, and it may impact the quality of the diet,
choosing to buy cheaper foods [52].

In our study, an association was found between income and food insecurity, main-
tained in the regression model. Of the study participants, 39.9% had a per capita income
at home equal to or less than half the minimum wage, classified as low-income families,
according to the Brazilian Government [53]. Moreover, income showed a more significant
impact on households with moderate to severe insecurity. Low-income families were about
three times more likely to have food insecurity than workers with income above half the
minimum wage. Other variables related to household income were associated with food in-
security as the number of rooms in the house and the number of individuals working, also
maintained in the final regression model. Another variable related to household income
that showed an association with food insecurity was the participation in a governmental
program. Almost 40% of participants presented the requirements to receive governmental
benefits [53], but only 19.3% of the participants received any benefit. Godoy et al. [20]
also showed differences in food insecurity prevalence and income and education for CR
customers. Among males, food insecurity prevalence was 64.2% when per capita income
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was below 1
4 minimum wage and 54.8% from 1

4 to half of the minimum wage. Females
showed similar results, with 61.5% in food insecurity when per capita income was lower
than 1

4 minimum wage, and 54.8% when income was between 1
4 to half of the minimum

wage. CR customers with less than eight years of education also presented higher food
insecurity for males and females (51% and 56.3%, respectively) [20].

In a previous study with the Brazilian population, 54.8% of households with moderate
to severe food insecurity received per capita income up to half a minimum wage [51]. In the
study carried out with food handlers in the CR in Rio de Janeiro, 59.4% of workers reported
having another job to increase their income [21]. Per capita household income showed an
inverse association with food insecurity in a study developed with food handlers in CR in
Belo Horizonte/Brazil [22].

In a study that assessed food insecurity among workers in Canada, multivariate
regression revealed that increased income independently decreases the chances of food
insecurity in Canadian families, as well as having more workers in the family or at home.
Income was considered a significant factor for the chances of food insecurity at home [24].
Some studies show an association between FI lower per capita income at home [53–55].

Schooling was associated with food insecurity at home in the bivariate analysis
(p = 0.02), not remaining in the final regression model. In our study, 54.1% of the par-
ticipants had an education level equal to or less than eight years, in agreement with other
studies conducted with this professional category, identifying the highest percentage of
individuals with educational level up to eight years of formal study (equivalent to ele-
mentary school) [19,21,34]. In general, education is associated with food insecurity among
the general Brazilian population [51], in which a higher level of education relates to the
lower prevalence of moderate or severe insecurity. Since food handlers in Brazil receive
low salaries and present fewer years of formal education, they are more related to food
insecurity even though working with food production.

In the study by Falcão et al. [21], an association was found between education and
food insecurity in food handlers’ homes. In the studied sample, the risk of those who had
up to nine years of formal study was almost three times more likely to find themselves in a
food insecurity situation than those with higher education.

Another variable that showed association with food insecurity was the region of the
CR. Food handlers from the Midwest-South regions perceived themselves in household
food security. The National Household Sample Survey (PNAD/NHSS) [47] identified a
higher prevalence of food insecurity in the North and Northeast regions (30%) than the
Midwest/Southeast/South regions (less than 20%). Bezerra et al. [54] also demonstrated
higher FI in the North (40.3%) and the Northeast (46.1%) with positive and moderate
correlation between FI and the percentage of the extremely poor population. Gubert
et al. [55] demonstrated a reduction in FI prevalence in all Brazilian states from 2004
and 2013, higher in the Northeast region. Santos et al. [56] evaluated the tendency and
associated factors of food insecurity in Brazil, analyzing the NHSS from 2004, 2009, and
2013. These researchers verified that even though there was a reduction in food insecurity
levels with time, there was an increase in the association force between food insecurity and
regions North and Northeast of Brazil. Residents from these regions had three to four more
chances of having moderate to severe food insecurity. With CR customers, only for females,
there was an association between region and food insecurity, with higher prevalence in the
north and northeast regions [20].

This study did not show an association between food security and excess weight,
contrary to other studies [57–60] that showed an association between food insecurity and
excess weight. Shamah-Levy et al. [60] associated food insecurity with undernutrition and
obesity, discussing that both situations come from poor eating habits. In children, Kac
et al. [58] discussed a less consistent association with overweight, but Franklin et al. [57]
studying women presented a higher prevalence of excess weight with food insecurity.
Godoy et al. [61] did not find a significant association between food insecurity and BMI or
body fat percentage for CR’s male or female customers. Even though obesity is included in
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the NCDs, excess weight was not included as NCD for this study’s associations. There was
an association between food insecurity and NCDs; however, it was not maintained in the
model.

One of this study’s contributions is the confirmation of the dichotomy between FI and
the performance in the food field. In the case of this study, places designed to promote
access to food (CR) to prevent the occurrence of food insecurity also constitute a workspace
for people in FI. Besides, the geographic location of the CRs act as protectors, confirming
that regional inequalities in Brazil affect the same population group differently and con-
firming their claim that income is associated with FI. It is important to emphasize that
the mean income from the North and Northeast regions is almost half of the income from
workers from the South and Southeast regions in Brazil. This inequality is also observed in
this food handler group and needs to be discussed inside a governmental program.

5. Conclusions

In Brazil, few studies assess workers’ food insecurity. Food handlers play an essential
role in promoting food security as responsible for producing and supplying meals in
hygienic and nutritional conditions suitable for the population using this state equipment.
These workers have characteristics, confirmed in the study, as low education and low
income, which places them both as actors and target population of public policies aimed
at food insecurity. This study is the first to assess food handlers nationwide, and a high
prevalence of food insecurity was observed, higher than that of the general population. For
moderate/severe food insecurity, it was almost twice the Brazilian population. Based on
the study design, it is not possible to establish a causal link between the variables, but the
study shows paths for further studies. The variables that showed an association for this
population were the household income per capita for the different levels of food insecurity
and the CR region for mild food insecurity. The high prevalence of food insecurity in
this population and the return of the increase in the prevalence of food insecurity in the
Brazilian and worldwide population point to the need for further studies on the theme
with categories of workers, mainly low-income, which allow identifying factors related
to the work environment and developing policies and interventions aimed at preventing
food insecurity and its consequences for health.
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Abstract: Evidence of short-term impacts of the coronavirus disease 2019 (COVID-19) pandemic on
family life is emerging. Continued research can shed light on potential longer-term impacts. An
online survey of U.S. parents with 4- to 8-year-old children (n = 1000) was administered in October
2020. The survey examined parent-reported impacts of COVID-19 on lifestyle (e.g., work, child-care,
grocery shopping), as well as current family food acquisition and eating behaviors (e.g., cooking,
restaurant use). Descriptive statistics were calculated, incorporating sampling weights based on
sociodemographics. In terms of COVID-19 impacts, parents reported increases in working from home,
decreased work hours, and increased child care and instruction, with most children attending school
or receiving care at home. Parents reported increased home cooking and online grocery shopping;
only 33% reported increased take-out or delivery from restaurants. About half of parents reported
that their child dined at restaurants, 62% reported getting take-out, and 57% reported delivery from
restaurants at least 2–3 times per month. About half viewed dining at restaurants as safe, while
take-out and delivery were seen as safe by around three-quarters. Approximately two-thirds reported
recent food insecurity. These nationally-representative results illustrate possible longer-lasting shifts
in family life, with the potential to impact health and well-being. Sociodemographic differences and
research and policy implications are discussed.

Keywords: COVID-19; families; children; food acquisition; restaurants

1. Background

The coronavirus disease 2019 (COVID-19) pandemic caused sudden and drastic
lifestyle changes across the globe. In the United States (U.S.), protection measures were
implemented beginning in March 2020 to halt the spread of the virus, closing restaurants,
businesses, schools, and child-care facilities around the country and sending more than
50 million children back to their homes to finish the school year [1–3]. Families’ day-to-day
lives were upended, as many suddenly needed to provide child care and schooling at home,
often in combination with remote work or job loss as unemployment rates increased [4,5].
Evidence of short-term impacts of these drastic changes on energy-balance-related health
behaviors, such as physical activity and screen time, in the early months of the pandemic is
beginning to emerge. More than six months later, the COVID-19 pandemic continues, but in
many regions, restaurants, businesses, and schools are now open under new restrictions [6].
Information on families’ behaviors under this “new normal” is limited. Examining families’
daily lives as the COVID-19 pandemic progresses is important, as potential new family
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routines and behaviors may have lasting positive, or negative, impacts on the health of
families, as well as implications for research and policy.

Recently published survey data suggest that the early months of the pandemic brought
changes in many energy-balance-related behaviors. In the initial months of the pandemic,
there were reported increases in sedentary behavior and less time spent on physical activity
for both adults and children [7–9]. This was coupled with increased screen time and sleep for
children [7] and increased levels of stress and anxiety for adults, particularly parents [4,8,10].
In addition, almost 35% of households in the U.S. with children under the age of 18 indicated
some form of food insecurity early in the pandemic, a substantial change from 11% in
2018/2019 [11–13]. Increased food insecurity early in the pandemic may be connected to
increases in unemployment, which in the U.S. reached over 14% in April of 2020 with almost
19 million unemployment claims filed [5,14]. Food insecurity has been linked with unhealthy
dietary and weight outcomes for children, highlighting that these impacts of COVID-19 have
the potential to affect children’s eating and health in the long term [15,16].

Prior to the start of the pandemic, U.S. children had a notably poor diet quality, con-
sumed few nutrient-dense foods such as whole grains, fruits, and vegetables, and frequently
ate restaurant foods [17,18]. U.S. families spent a significant amount of their food dollars
on restaurant foods and fewer food dollars on groceries and home cooked meals, a trend
documented since the 1970s [19,20]. This trend in food spending translated to families eating
out frequently and preparing less food at home [21,22], a trend that has also been observed
across the world [23,24]. However, there is evidence that the pandemic may be reversing this
trend. Surveys administered during stay-at-home orders indicated significant increases in
meals prepared at home, and data from the Economic Research Service indicated an increase
in food purchasing from retail stores [8,25]. Families also shifted where and how they shopped
for food (e.g., altering the typical location of grocery trips and making more use of freezers
and pantry staples) [10]. It is estimated that almost three-quarters of American households
avoided restaurant food in the initial months of the pandemic, and household expenditures for
restaurant foods were about 30% lower than they had been in March 2019 [13,25]. However,
the initial months of the pandemic also brought increases in snacking and intake of foods
such as sugar-sweetened beverages, potato chips, and red meat [7,9]. While results from the
initial COVID-19 pandemic studies illustrate shifts in food acquisition and eating behavior,
the extent to which these trends translate into longer-lasting changes for families is unknown.
Research on family food acquisition and eating behavior during COVID-19 has primarily
focused on the initial months of the pandemic and involved convenience samples. In addition,
food acquisition from restaurants via take-out and delivery is understudied, both during
COVID-19 and in general. Therefore, nationally representative studies examining families’
current behaviors related to food acquisition and restaurant use are warranted.

Taken together, emerging evidence suggests that the drastic lifestyle changes of the
pandemic’s early months brought changes in energy-balance-related behaviors for children
and families. However, little is known about whether these changes have persisted more than
six months into the pandemic. A description of current behaviors can elucidate the extent
to which COVID-19 may have longer-lasting impacts on families’ energy-balance-related
behaviors and health. Therefore, in Fall 2020, we examined the following among a nationally
representative sample of U.S. parents with at least one 4- to 8-year-old child: (1) parent-reported
impacts of COVID-19 on various aspects of daily life, including food acquisition, physical
activity, child care, and employment; and (2) families’ current food acquisition and eating
behaviors, including preparation of meals at home, children’s consumption of restaurant foods
in-person and via take-out and delivery, and factors affecting restaurant meal choices.

2. Methods
2.1. Participants

Invitations to participate in this study were sent to a stratified random sample identi-
fied as U.S. residents 18 years of age or older with at least one 4- to 8-year-old child in the
household (n = 1000). Participants were recruited using the Harris Poll Online opt-in panel

256



Int. J. Environ. Res. Public Health 2021, 18, 1734

(https://theharrispoll.com/), which includes millions of respondents who have agreed to
participate in survey research. To be eligible, individuals needed to be English-speaking,
at least 18 years of age, a parent/caregiver (referred to herein as parents) with at least
one 4- to 8-year-old child, and have internet access. Possible participants were sent a
password-protected email invitation to participate in the survey.

2.2. Procedures

A 61-item survey was developed by researchers at the University at Buffalo in order
to understand how parents with at least one 4- to 8-year-old child describe daily life and
energy-balance-related behaviors during the COVID-19 pandemic. Harris Interactive was
commissioned to disseminate the survey and incorporate sampling weights based on
parent age, sex, race and ethnicity, education, income, region, marital status, household
size, and number of children under 18 years, so results would be representative of the
U.S. population of parents with 4- to 8-year-old children. Participating parents completed
the survey at one time during October 2020. Participants with multiple 4- to 8-year-old
children were asked to complete child-focused survey questions about their child with
the most recent birthday. Study procedures were approved by the University at Buffalo
Institutional Review Board.

2.3. Measures

The survey was created using previously-developed measures from the existing
literature as well as newly-developed items. Validated scales were used to measure
perceived stress and food insecurity as described below. No changes were made to the
former, while the latter’s time frame was modified to fit with the present study’s focus on
the COVID-19 pandemic (i.e., specifying that responses should reflect experiences in the
past two months, rather than the past year). Other survey items were adapted or created
for this study as described herein. Overall, the main modification to existing items was
to specify that responses should reflect experiences during the past two months where
appropriate. Other minor modifications to existing items are described below.

2.3.1. Participant Demographics and Context

Parents reported their age, gender, height, weight, marital status, highest level of edu-
cation, household income, employment status, race/ethnicity, and whether the household
received any government benefits (e.g., the Supplemental Nutrition Assistance Program
(SNAP), which provides nutritional assistance to supplement food budgets, or Medicaid,
which assists low-income individuals with health costs). Parents also reported character-
istics of their 4-to-8-year-old child, including age, gender, race/ethnicity, and eligibility
for free or reduced-price school meals. Additionally, they indicated who in the household
was the most familiar with the child’s daily activities (responses included: I am, another
parent/guardian, another parent/guardian and I are equally familiar). A brief validated
2-item screen was administered to identify households at risk for food insecurity [26],
specifying that respondents should answer based on the past two months. Items assessed
how often in the prior two months the household has ‘worried whether food would run
out before we got money to buy more’ and ‘the food that we bought just didn’t last and we
didn’t have money to get more.’ Responses included: often, sometimes, or never. Food
insecurity is indicated when participants respond often or sometimes to at least one of the
two items. Cronbach’s alpha for this 2-item screen in the present sample was 0.84.

Parents were also asked a series of questions developed by the research team about
the extent of current COVID-19 related protection measures in their town/city, including
if mask wearing was mandated and whether there were restaurant-related restrictions.
Children’s schooling and care in the last week (in-person elementary school, virtual el-
ementary school, home school, and/or in- or out-of-home non-parental child care) was
also assessed. Parental stress during the previous month was measured using the short
version of the validated Perceived Stress Scale (PSS-4) [27]. Participants completed four
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questions, administered verbatim from the original scale, assessing the degree to which
they perceived situations in their life to be stressful (e.g., ‘how often have you felt that
you were unable to control the important things in your life?’). Items were rated on a
five-point scale from never (0) to very often (4). Cronbach’s alpha for the PSS-4 in this
sample was 0.56. The correlation between food insecurity and perceived stress scores was
also examined as an indicator of convergent validity and was 0.31 (p < 0.0001).

2.3.2. Daily Life Changes during the Coronavirus Disease 2019 (COVID-19) Pandemic

Parent-reported changes in daily life and energy-balance-related behaviors were
assessed using questions adapted from The Epidemic–Pandemic Impacts Inventory (EPII),
establishing who in the household was affected by changes related to care of, instruction of,
and quality time with children, and care for other family members [28]. Parents were also
asked whether or not (yes or no) their work had been affected in a variety of ways, including
job loss and increased or decreased work hours, using a question and response options from
the National Institute of Health’s Environmental influences on Child Health Outcomes
(ECHO) questionnaire [29]. The extent to which the COVID-19 pandemic resulted in
changes in various lifestyle behaviors was also assessed using questions adapted from the
ECHO questionnaire [29]. Participants indicated how often they engaged in the following
behaviors: getting physical exercise, spending time outdoors in nature, spending time
on screens or devices (e.g., phone, video games, TV), eating home-cooked meals, eating
takeout/delivered food, going to the grocery store, going to farmer’s markets, using farm
shares or community-supported agriculture, and using online grocery shopping/grocery
delivery, relative to their behaviors pre-pandemic. For these questions, we modified
the original response scale, so that participants indicated whether they engaged in each
behavior: more often, less often, no change, or N/A. We began with behaviors from the
ECHO questionnaire and then added some additional behaviors of interest, specific to food
acquisition (e.g., use of online grocery shopping, farmer’s markets).

2.3.3. Current Food Acquisition and Eating Behaviors

Parents were asked how frequently meals were prepared at home during the past two
months with response options including 0–1 times per week, 2–3 times, 4–5 times, and
more than 5 times per week [8]. Restaurant use was assessed by asking parents how often
their child ate food from restaurants during the past two months in three different contexts:
dine-in, take-out, or delivery. Response options included: never, once a month or less,
2–3 times a month, once a week, 2–3 times a week, and 4 or more times a week. Parents
were also asked to indicate how safe they felt it was to obtain food from a restaurant as
dine-in, take-out, or delivery (response options included: very unsafe, somewhat unsafe,
somewhat safe, very safe). For each mode of restaurant use, parents also reported typical
behaviors over the past 2 months, including who typically selected the child’s restaurant
meal (the child, the responding parent, the responding parent and child together, another
adult, or another adult and the child together) and the most important (1) to least important
(7) reasons for the child’s typical restaurant meal selection (taste, habit, cost, nutrition,
appeal, treat, something new). These items were generally administered verbatim from
previous restaurant research [30], with exceptions being the aforementioned change to the
time frame of interest (i.e., the past two months), as well as asking participants to rank
order the reasons for the child’s meal choice rather than having them select all reasons that
applied. In addition, the perceived restaurant safety item was newly developed for the
present study.

Three additional restaurant-related items were developed for the present study. Par-
ents reported what was typically ordered for the child when ordering restaurant food for
take-out or delivery: their own kid’s meal, their own adult meal, shared food with other
family members, or other. Parents also ranked their top five reasons for deciding to order
restaurant food for take-out or delivery and the top five reasons affecting their choice
of restaurant from a list of options (e.g., no time, no groceries, cost, promotion, treat for
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child, treat for self, appeal, taste, nutrition, something new, habit, convenience, technology,
support for restaurants).

2.4. Data Analysis

Frequencies (for categorical variables) and means and standard errors (for continuous
variables) were calculated for demographic/contextual variables. Items from the PSS-4
were reverse-scored as appropriate and then summed, resulting in a composite score rang-
ing from 0–16, with higher scores indicating higher stress. Frequencies (for categorical
variables) and means and standard errors (for continuous variables) were calculated to
describe: (1) parent-reported impacts of COVID-19 on various aspects of daily life and
energy-balance-related behaviors, including employment, child care and instruction, phys-
ical activity, screen time, grocery shopping, cooking, and ordering take-out or delivery;
as well as (2) families’ current food acquisition and eating behaviors. These included:
frequency of preparation of meals at home, children’s consumption of restaurant foods
(frequency of dining in, take-out, and delivery), perceived safety of restaurant foods, who
chose children’s restaurant meals and types of meals chosen, and factors affecting children’s
meal choices and restaurant choices. Analysis of factors affecting children’s meal choices
were restricted to parents who reported playing a role in deciding the child’s meal order
(determining it themselves or with the child), as those not playing any role in the decision
would not be expected to know which factors contributed to the decision.

Given the potential for differential impacts of COVID-19, we also explored whether
current food acquisition behaviors differed by sociodemographics. We tested models that
considered parent age, sex, race/ethnicity, education, and family income as predictors
of: the frequency of home cooking, dining out, take-out, and delivery, as well as the
perceived safety of each mode of restaurant use. Linear regression models were used
unless distributions of residuals violated normality assumptions, in which case outcomes
were dichotomized, with logistic regression used to predict meaningful outcomes (e.g.,
rating restaurant dining as safe vs. unsafe). Backwards deletion was used to arrive at final
models, retaining independent variables that predicted outcomes at p < 0.05. All analyses
incorporated sampling weights, so that results were representative of U.S. parents with 4-
to 8-year-old children. Sampling weights were based on parent age, sex, race and ethnicity,
education, income, region, marital status, household size, and number of children under
18 years. Data were analyzed using SAS 9.4 (Cary, NC, USA).

3. Results
3.1. Participant Demographics, Characteristics, and Context

A majority of responding parents were married or living with their partner (83%),
with a median of 2 children in the household. Most parents (95%) reported being a primary
caregiver of the target child, indicated by reporting that they were the parent or guardian
in the household who is the most familiar with the child’s daily activities, or that they and
another parent or guardian were equally familiar. Despite variability in family income,
reported food insecurity was very common among families over the past two months.
More than two-thirds (69%) of parents met the criteria for food insecurity by reporting
that they had often or sometimes felt that they might run out of food and not have money
to purchase more (66%); or that it was often or sometimes true that the food they had
purchased hadn’t lasted and they didn’t have money to purchase more (56%).

In terms of current COVID-related protection measures, a majority of parents reported
that masks were mandated in the city or town where they resided (90%), and that in most
cases, at least some closures had been reversed, with very few (38%) or some (44%) businesses
closed at the time of survey administration. About half of parents reported that restaurants
were open for both indoor and outdoor dining at a reduced capacity, while approximately
one-third (29%) reported restaurants in their town or city could only offer take-out or delivery.
In many cases, changes to children’s schooling persisted: parents reported that 47% of children
were attending school virtually, and 31% were being homeschooled, while 21% attended
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in-person elementary school, and 19% received care outside the home (including preschools,
after-school programs, and child-care centers). Parents reported an average stress level of 7.2
(standard error of the mean (SEM) = 0.14) on the PSS-4’s 0–16 scale. Additional demographic
and contextual variables are reported in Table 1.

Table 1. Participant characteristics for study sample (n = 1000) (weighted frequencies and means).

Sociodemographic Variables % Mean (SEM) Sociodemographic Variables Cont. % Mean (SEM)

Gender Race/ethnicity
Female 55 White 69
Male 45 Black or African American 12

Transgender 1 Asian 11
Other 0 Other 8

Marital status Hispanic 22
Now Married/Living with Partner 83 Highest level of education completed

Single/Never Married 9 ≤High School/GED a 20
Divorced/Separated/Widowed 8 Some college/Tech/Associates 37

Age (years) 38.8 (9.5) Bachelor’s Degree 17
18–24 2 ≥Graduate Degree 26
25–34 31 Government benefits received at any point in 2020
35–44 45 SNAP b 42
45–54 14 WIC c 30
55+ 8 Medicaid 46

Body mass index Disability 21
25.0–29.9 (overweight) 33 TANF d 25

≥30.0 (obese) 17 Number of children in the household 2.4
(1.2)

Current employment status 1 18
Employed Full Time 63 2 45
Employed Part Time 6 3 24

Self-employed 6 4+ 12
Not employed 7 4–8-year-old child with most recent birthday

Homemaker/Stay-at-home 14 Age (years) 6.2 (1.4)
Household income (per year) Gender—% Male 55

<$24,999 10 Gender—% Female 45
$25,000–$34,999 7 Child eligible for free or reduced-price school meals

(n = 593 due to age range)$35,000–$49,999 11
$50,000–$74,999 16 Yes 59
$75,000–$99,999 15 No 31

>$100,000 41 Don’t know 9

Coronavirus disease 2019 (COVID-19)-related restrictions in place in parent’s town or city

General restrictions Restaurant restrictions
Most businesses are closed 18 Can offer take-out or delivery 29
Some businesses are closed 44 Can dine in: Outdoors only 15

Very few businesses are closed 38 Both outdoors and indoors: reduced capacity 50
Masks mandated (public places, indoors) Both outdoors and indoors: full capacity 6

Yes 90
a GED – General Educational Development Test. b SNAP—Supplemental Nutrition Assistance Program. c WIC—Special Supplemental
Nutrition Program for Women, Infants, and Children (31). d TANF—Temporary Assistance for Needy Families.

3.2. Daily Life Changes during the COVID-19 Pandemic

Parents reported changes to employment as a result of the COVID-19 pandemic,
including that one-third (38%) moved to working remotely (from home) while 14% lost
their job permanently. One-third (30%) of parents also indicated that their job put them at
an increased risk for getting COVID-19. Parent-reported impacts on employment appear
in Table 2. The pandemic impacted daily home life such that a majority of parents reported
either themselves, another person in the home, or a combination of the two had to take over
teaching or instruction of the child, and a substantial proportion of parents (48%) reported
spending more quality time with children than they had prior to COVID-19. Table 3
illustrates further parent-reported impacts of COVID-19 on child care and schooling and
care for others in the household.
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Table 2. Parent-reported impacts of the COVID-19 pandemic on employment (n = 1000).

Employment Changes Yes (%) No (%)

Moved to working remotely/from home 38 62
Permanent job loss 14 86
Temporary job loss 20 80

Got a new job 14 86
Reduced work hours 38 62
Increased work hours 25 75

Laid off employees 16 84
Work was affected in some other way 39 61

Put at increased risk for getting COVID-19 30 70
Did not have a paying job before COVID-19 10 90

Table 3. Parent-reported impacts of the COVID-19 pandemic on child-care, schooling, and care of other family members (n = 1000).

Family Care Changes
Yes

(Me)
(%)

Yes
(Person in Household)

(%)

Yes
(Me & Person in Household)

(%)

No
(%)

N/A
(%)

Took over teaching/instruction of child 47 16 20 12 4
Child care or babysitting unavailable 25 14 13 30 18

More quality time with child(ren) 48 14 29 7 1
More time spent caring for other family members 38 15 17 23 7

Parent-reported impacts of COVID-19 on energy-balance-related behaviors—physical
activity, screen time, grocery shopping, cooking, and ordering take-out and delivery—
appear in Table 4. Two-thirds of parents (66%) reported spending more time on screens or
devices while only a small percentage (13%) reported less time spent on screens or devices.
Parent-reported impacts on time spent exercising and in nature were more varied, with
substantial percentages of respondents each reporting increases and decreases in these
behaviors (Table 4). A majority of parents reported eating home-cooked meals more often
than before the pandemic (64%). Almost half of parents (44%) reported eating take-out
and delivery less often, while 22% reported no change from before the pandemic. Half of
parents (48%) reported going to the grocery store less often than they did pre-pandemic,
with about one-quarter (26%) indicating increased frequency. About half of parents (49%)
reported increases in use of online grocery shopping.

Table 4. Parent-reported impacts of COVID-19 on physical activity, outdoor time, screen time, food
acquisition, and cooking (n = 1000).

Lifestyle Behavior Changes More Often Less Often No Change N/A

(%) (%) (%) (%)

Physical Exercise 40 29 27 4
Time spent: outdoors/in nature 36 40 22 2
Time spent: on screens/devices 66 13 19 2

Eat home-cooked meals 64 12 23 1
Eat take-out/delivery 33 44 22 1
Go to the grocery store 26 48 25 2
Go to farmer’s markets 20 34 21 25

Use of farm shares or community
supported agriculture 19 23 22 36

Used online grocery shopping 49 11 19 20

3.3. Food Acquisition and Eating Behaviors

Recent food acquisition and eating behaviors are reported in Table 5. Almost three-
quarters of parents (71%) reported preparing meals at home at least four days per week
during the last two months. Parent-reported frequency of dining-in at restaurants by
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children during that same period revealed that around one-quarter (27%) were dining-in
at least once per week, and around one-third had restaurant food via take-out (37%) and
delivery (34%) at least once per week. Just under half of parents (47%) reported that
they felt dining-in at a restaurant was either very safe or somewhat safe while take-out
and delivery were reported to be either somewhat safe or very safe by approximately
three-quarters of parents. Over half of parents were involved in deciding what their child
ordered to eat from restaurants, either making the decision on their own or together with
their child. Parents reported that when ordering take-out or delivery, over three-quarters of
children (77%) had their own children’s meal, while one-quarter of children had their own
adult meal (26%), and one-third (31%) shared food with other family members (selecting
all options that applied). When it came to ranking reasons for choosing the child’s meal, on
average, parents who had a hand in the decision (46.7%) reported that taste was the most
important reason, followed closely by nutrition (Table 6). When asked about reasons for
deciding to order take-out or delivery, the most popular selections were convenience and
taste. Table 7 displays all reasons for take-out and delivery choices.

Table 5. Parent-reported restaurant use and ordering for their 4- to 8-year-old-child and perceived
restaurant safety (n = 1000 *).

Frequency How Often Child Ate at/from Restaurants (Past 2 Months)

In-person (%) Take-out (%) Delivery (%)

Never 28 14 23
<1×/month 24 24 20
2–3×/month 21 25 23

1×/week 13 19 15
2–3×/week 11 14 15

>4/week 3 4 4

Who Typically Decided What to Order for Child (Past 2 Months)?

In-person (%) Take-out (%) Delivery (%)

Mother (Reporting Parent) 12 16 18
Father (Reporting Parent) 17 16 18

The child 33 28 23
Parent and child together 28 34 34

Another adult 5 4 4
Child and another adult 4 2 3

How Safe Do You Currently Feel That It Is to:

Dine indoors at a
restaurant (%) Eat take-out food (%) Eat delivered food (%)

Very unsafe 21 9 6
Somewhat unsafe 32 16 16

Somewhat safe 29 45 46
Very safe 18 29 31

* All 1000 parents responded to restaurant frequency questions (for dining in-person, take-out, and delivery).
Parents who responded “never” to these were not asked to respond to the subsequent questions about that mode
of restaurant use.

In terms of individual differences in current food acquisition behaviors, parent gender
was the only significant predictor of cooking at home in the tested multivariable models,
with female parents cooking at home more than other respondents (t = 2.6, p < 0.01). Being
a female parent also predicted a lower frequency of the child consuming food at restaurants
(t = −3.1, p < 0.01), as did lower income (t = 4.5, p < 0.0001; R2 for final multivariable
model = 0.08). Parent education was the only significant predictor of children’s frequency
of take-out consumption in the tested multivariable models, such that parents with lower
education levels reported less take-out (t = 5.9, p < 0.0001; R2 = 0.05). Lower parent
education was also linked with less restaurant delivery (t = 2.52, p < 0.05), as were lower
income (t = 2.60, p < 0.01) and non-Hispanic Asian race (t = 2.01, p < 0.05; R2 = 0.09). Race
and ethnicity was the main predictor of variability in the reported safety of restaurant
use: using dummy-coded indicators of race/ethnicity, Hispanic (t = −4.3, p < 0.0001),
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non-Hispanic Black (t = −5.4, p < 0.0001), and non-Hispanic Asian (t = −3.0, p < 0.01)
respondents were all less likely to view in-person dining as safe, as were respondents with
lower education (t = 2.3, p < 0.05). Hispanic respondents were less likely than respondents in
other race/ethnicity categories to report that restaurant delivery was safe as well (t = −2.4,
p < 0.05). Other demographic factors were unrelated to perceived restaurant safety.

Table 6. Parent ranking of the importance of different factors when choosing a restaurant meal for their child over the past 2
months (n = 467) a,b.

Reasons for Meal Choice Dining in-Person Ordering Take-Out Ordering Delivery

Mean (SEM) Mean (SEM) Mean (SEM)
Taste—child likes the foods in the meal 3.2 (0.1) 3.2 (0.1) 3.3 (0.1)
Habit—what the child typically orders 3.7 (0.1) 3.6 (0.1) 4.1 (0.1)

Cost—price of the meal 4.6 (0.1) 4.5 (0.1) 4.5 (0.1)
Nutrition—health of the meal 3.5 (0.1) 3.6 (0.1) 3.8 (0.1)
Appeal—the meal looks good 4.2 (0.1) 4.2 (0.1) 4.0 (0.1)

Treat—my child doesn’t get it often 4.3 (0.1) 4.1 (0.1) 4.0 (0.1)
New—trying a new flavor 4.5 (0.1) 4.7 (0.1) 4.5 (0.1)

Parents ranked factors shown above on a 7-point scale, where 1 was the most important reason, and 7 was least important. The means
depict the average rank for each reason, with lower means indicating that the reason was more important on average. a All 1000 parents
responded to restaurant frequency questions (for dining in-person, take-out, and delivery). Parents who responded “never” to these were
not asked to respond to the subsequent questions about that mode of restaurant use. b In addition, only parents who reported playing a
role in deciding the child’s meal order (determining it themselves or with the child) were included in this analysis, as those not playing any
role in the decision would not be expected to know which factors contributed to the decision.

Table 7. Reasons behind parents’ take-out and delivery orders over the past 2 months.

Reasons for Take-Out/Delivery Participants Selecting This Reason (%) a Mean (SEM)

Convenience: it was fast/easy 50.1 2.7 (0.1)
Taste: the meal would taste good 43.1 3.1 (0.1)

Treat self: to treat myself 41.6 3.0 (0.1)
Treat child: to treat my child(ren) 41.8 3.1 (0.1)

No time: I wanted to save time/didn’t have time to cook 40.5 2.5 (0.1)
Promotion: because of a special such as a discount 29.3 3.3 (0.1)

Support: trying to support restaurants that my family likes 28.7 3.0 (0.1)
Cost: because of its price 27.1 3.1 (0.1)

Appeal: the meal looked good in the picture on the menu/website 26.2 3.3 (0.1)
Something new: trying new foods/flavors 26.0 3.3 (0.1)

Habit: it is what I usually do 25.5 3.2 (0.1)
Nutrition: the meal would be healthy 24.7 2.9 (0.1)

Technology: Able to order using an online delivery service 23.6 3.0 (0.1)
No groceries: did not have groceries or ingredients to cook 22.2 2.8 (0.1)

Reasons for restaurant choice

Taste: my family likes the food from that restaurant 59.4 2.8 (0.1)
Convenience: it is fast/easy 53.7 2.8 (0.1)

Cost: because of its price 47.0 3.0 (0.1)
Treat: it is a treat that my family does not get often 44.6 3.1 (0.1)

Habit: it is a restaurant we usually order from 41.1 3.1 (0.1)
Promotion: because of a special such as a discount 37.7 3.1 (0.1)

Support: trying to support restaurants that my family likes 36.2 3.1 (0.1)
Appeal: the food at that restaurant looked good in the picture 35.5 3.3 (0.1)

Nutrition: because it offers healthy food 34.3 3.0 (0.1)
Technology: able to order using an online delivery service 33.4 3.1 (0.1)

Something new: trying a new flavor 27.2 3.1 (0.1)
a Here, parents ranked their top 5 reasons in each category. The (weighted) percent of parents endorsing each option is shown, as well as
the average rank order for each option among parents endorsing it.

263



Int. J. Environ. Res. Public Health 2021, 18, 1734

4. Discussion

The COVID-19 pandemic is changing the way families in the U.S. eat, work, and live.
Such periods of drastic flux can potentially lead to the establishment of new behaviors
and habits, for better or worse. Evidence of short-term impacts of COVID-19 on families’
energy-balance-related behaviors has emerged, but to date, little is known about potential
longer-term impacts. The present nationally representative survey of U.S. parents was
administered in Fall 2020, a time during which many initial protection measures and
restrictions had been lifted, thus offering a glimpse into families’ potential “new normal”.
Results suggest there may be some longer-lasting impacts of COVID-19, including on
children’s schooling and time spent at home, as well as the reported prevalence of food
insecurity, which remains high. Families reported increased home food preparation while
still using restaurants a few times each month. Take-out and delivery were perceived as
safer than dining in and were used at higher rates, with some sociodemographic differences
in restaurant use and perceived safety. Understanding families’ behaviors during this phase
of the pandemic can provide insight into potential lasting impacts on families’ lifestyles
and health and can inform future research and policy.

Surveys of families in many nations have contributed evidence of short-term impacts
of COVID-19 on energy-balance-related behaviors. For example, changes in the home food
environment and increases in food insecurity were reported in a survey study of 584 U.S.
parents of children ages 5 to 18 [31], and in a survey study of 254 families with young
children in Ontario, Canada, substantial percentages of parent respondents reported eating
more snack foods, eating less fast food or take-out food, spending more time cooking, and
eating more meals with their children [32]. Both of these surveys were fielded in April
and May 2020, and these apparent short-term impacts may be tied to broader contextual
changes, including COVID-19-related changes to work and family life.

In the present study, parents’ self-reported impacts of COVID-19 revealed that they
were working from home more and taking greater part in the care and instruction of their
children, with many reporting reduced work hours. Notably, more than six months into the
pandemic, the majority of respondents’ children were either attending school virtually or
being homeschooled. In 2019, only 3% of children were homeschooled while the remaining
97% of the 50 million children enrolled in primary or secondary education in the U.S.
attended school in person, highlighting an ongoing, drastic change to family routines [33].
It is not surprising that levels of reported stress were higher than previously-established
norms [34,35], consistent with findings from other nations that reflect high levels of stress
during COVID-19 [32,36]. High stress may impact decision-making, including decisions
about energy-balance related behaviors, as research supports the idea that stress can
catalyze a change from analytical to intuitive decision-making [37]. Under ongoing high
levels of stress, food-related decisions may be governed by heuristics (i.e., short-cuts, such
as: what is the habitual, automatic, or convenient choice?) or emotions (what will make me
feel better?). In addition to potential links with stress, persisting changes in childcare and
schooling may be linked to energy-balance-related variables reported herein, as children
spending more time at home could impact food security, acquisition, and/or preparation.

The present results suggest that high levels of food insecurity persist among families
more than six months into the pandemic. Over two-thirds of parents indicated they had
experienced some form of food insecurity in the previous two months. While the current
2-item food insecurity screening tool may be limited compared to longer measures, the
general point that very high proportions of families are suffering from food insecurity
during COVID-19 is consistent with other research, including prior findings that more
than half of surveyed families reported some form of food insecurity during COVID-19,
a significant increase from prior to the pandemic [31]. Persistent food insecurity has
implications for child health, as food insecurity has been linked with poor dietary intake
and unhealthy weight outcomes [15]. During the initial months of the pandemic, increases
in snacking behavior and low nutrient quality foods were seen [7,15]. It has also been well
documented that many children in the U.S. already ate few nutrient dense foods, like fruits
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and vegetables, prior to the pandemic and ate at restaurants frequently [17,18]. Mitigation
of food insecurity is an important research and policy target.

While families juggle ongoing contextual challenges, parents reported acquiring food
from various sources. Similar to earlier studies, the majority of parents in the present
nationally-representative sample reported more home cooking, with a substantial per-
centage also reporting less restaurant take-out and delivery as a result of the pandemic.
Early reports stated that restaurant purchasing was down 30% in March 2020 compared to
the previous year, and another study reported that in the early months of the pandemic,
people were avoiding restaurants completely [13,25]. Yet the present results do suggest that
restaurant dining may be moving toward pre-pandemic levels for many families. Overall
reported frequencies of restaurant use showed that around half of children were eating
restaurant food at least a few times each month via in-person, take-out, and delivery, in
the context of two-third of families reporting that in-person dining was currently available
in their area. Studies examining children’s frequency of eating at restaurants in-person or
via take-out from years prior to the COVID-19 pandemic show similar patterns (e.g., 56%
of children ate at restaurants at least 2–3 times per month) [30]. In particular it appears
higher-income, higher-education families are more likely to be returning to pre-COVID-19
restaurant habits.

However, there is a subset of parents who do not view restaurant dining as safe, with
the present results indicating that perceived safety is lower among parents with lower
education and among Hispanic, non-Hispanic Black, and non-Hispanic Asian parents.
These differing perspectives could reflect different sources of information (e.g., engagement
with varying types of media) and/or varying lived experiences as different demographic
groups may occupy different spaces (e.g., with variable mitigation measures in place,
variable levels of exposure among essential workers). Generally, a larger percentage of
parents in the present study viewed take-out and delivery as safe, compared to dining-
in, highlighting a need for more research on individual differences, as well as on these
understudied modes of restaurant dining in the future.

Convenience and taste were the primary reported reasons for take-out and delivery
choices, and taste and nutrition were highly ranked reasons for child meal choices from
restaurants overall. Surprisingly, cost was not one of the higher-ranked choices for chil-
dren’s meal choices. Research prior to COVID-19 has shown that for many low-income
families, cost is a dominant factor in meal selection, even after the decision to eat out is
reached [38], while in higher socioeconomic status families, taste and cost are both impor-
tant [39]. The current findings are consistent with prior research showing that liking and
taste are important factors for children’s meal selection [30]. Perhaps in the context of the
COVID-19 pandemic, families may be particularly motivated to seek convenient options
and provide their child with a tasty meal when they do decide to dine out.

Limitations of the present study include the use of a self-report measure, which can
be subject to social desirability bias. Minor modifications to some existing survey items
were made to fit with the aims of the present study (e.g., changing the time frame to the
past two months). Furthermore, the short versions of some survey instruments were used
(i.e., food insecurity, perceived stress). While demonstrations of the validity of these short
forms are present in the literature, the long-form versions of these measures generally have
superior psychometrics. In the present study, the PSS-4 had a relatively low Cronbach’s
alpha, as observed in some prior research [40], suggesting that longer versions of the
Perceived Stress Scale may be preferable when feasible. A strength of the study is the
use of sampling weights to achieve a nationally representative sample of families with
4- to 8-year-old children in the U.S. The study was conducted in October of 2020, more
than six months after the pandemic was recognized. Evidence of shorter-term impacts
of the pandemic on energy-balance-related behaviors and daily life may reflect the novel
nature of the pandemic and stringent initial lockdowns. As the pandemic continues,
and restrictions have relaxed in many areas, it is possible that families may show some
returns to pre-pandemic lifestyles, while other changes may be longer-lasting. Results from
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the present study illustrate ongoing impacts on children’s schooling and food insecurity,
with a possible return to pre-pandemic behaviors in other areas, such as restaurant use,
among many families. These findings have implications for future energy balance-related
intervention research, as such work must take place in the context of families’ realities. For
example, current healthy eating interventions in restaurants would need to be feasible and
acceptable in the context of families’ varied use of and perceived safety of restaurant dining.

Continued surveillance can elucidate lasting shifts in behavior as a result of the
pandemic and guide interventions to be safe, feasible, and relevant in the future. Nationally
representative studies allow for generalizable conclusions, and examination of individual
differences can facilitate targeted research and policy efforts to promote health and provide
support to those most impacted. Research and policy efforts to address food insecurity are
also of paramount importance.

5. Conclusions

Key goals of the present study were to describe parent-reported impacts of COVID-
19 and current family food acquisition and eating behaviors more than six months into
the pandemic. Results suggest continuing impacts of COVID-19 in many areas (e.g.,
schooling at home, food insecurity) and a potential move toward normalcy in other areas
(e.g., restaurant dining) among some families, with some evidence of sociodemographic
differences. Most parents reported that their child was consuming food from restaurants
at least 2–3 times per month, with lower use of restaurants and lower reported perceived
safety among some sociodemographic groups. These observations have implications for
future research as the pandemic progresses, as well as intervention and policy efforts
as scientists and policymakers consider the best ways to improve health and well-being
among families in the COVID-19 era.
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Abstract: Medicinal plants with antibacterial effects have been used by humans for centuries. In the
recent decade, due to the development of antibiotic resistant strains, many studies have focused on the
use of natural compounds as feed additives in livestock. Ginger, among all, have repetitively shown
numerous biological activities, antibacterial, and antibiotic properties. This study was conducted
to evaluate the effects of ginger root powder (GP) on the performance, egg quality, and blood
parameters of Japanese quail. A total of 240 10-weeks old female quails were used in a completely
randomized design with 4 treatments, 4 replicates, and 15 birds per replicate. Dietary treatment were
basal diet (control) and basal diet containing 0.5, 1, and 1.5 g/kg of ginger root powder. Growth
performance and exterior and interior quality of egg were measured biweekly over eight-week
period. At the end of experiment blood parameters were evaluated. The results showed that diet
supplementation with different levels of GP had no significant effect on egg production, egg mass
weight, and egg weight (p > 0.05). However, feed intake and feed conversion ratio were significantly
lower in the treatment group than the control in the whole period (p < 0.05). Egg Quality traits (shape
index, albumen index, the percentage of albumen, yolk and shell, yolk pH, and shell thickness and
strength) were not affected by the supplements in the whole trial period. Addition of GP significantly
increased the albumen height, Haugh unit, and albumen pH in comparison with the control treatment
(p < 0.05). GP reduced blood triglyceride level yet was ineffective on blood total antioxidant capacity
and malondialdehyde. In conclusion, dietary supplementation with GP, could improve productive
performance and the egg quality of Japanese quails. Nonetheless a comprehensive study needs to be
performed in order to evaluate the impact of quail dietary ginger supplementation on productive
performance and egg quality and their stability during storage time for commercial use.

Keywords: antioxidant; egg quality traits; ginger; immunity; Japanese quail performance

1. Introduction

Today, many phytochemical rich medicinal herbs are considered as potential alter-
natives to antibiotics and growth promoters due to the ban of antibiotics use in livestock
in the European union [1]. Aromatic plants have been successfully used to improve an-
tioxidant capacity in poultry industry [2,3]. Ginger (zingiber officinale roscoe) belongs to the
Zingiberaceae family, including 47 genera and 1400 species [4]. Ginger is a native tropical
plant in Southeast Asia and its commercial cultivation is not limited to Asia as is grown
worldwide [4]. The global production of ginger was 3.3 million tons in 2016 [5]. The ginger
can be consumed as fresh produce, dehydrated, and or processed product. Fresh rhizome
is widely used as a spice and food condiment whether in the form of powder, extract,
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supplement, and or medicine [6]. Not only that the ginger rhizome is nutrient rich (amino
acids, fatty acids, vitamins, and minerals) but the produce also contains compounds such as
gingerol, gingerdiol, gingerdione, and shagaol that are potent intestinal mucous membrane
and digestion stimulators [7]. The gingerols and shagaols are responsible for the pungency
of fresh ginger and dried ginger, respectively [8].Ginger containing different phenolic
component and they exhibited many bioactivities such as antioxidant [9], anti-anxiety [10],
anti- Nausea [11], anti-inflammation [12], glucose-lowering [13], and health benefiting
effects by reducing free radicals damage and improving cardiovascular status [14,15]. Fur-
thermore, ginger is used for its various medicinal properties and alleviation and treatment
of different symptoms such as animal mycotoxicosis [16], vomiting, pain, indigestion, and
upper respiratory tract infection [17].

Throughout the production of ginger drink, powder, flakes and or ginger extract,
significant amount of process discards, and byproducts are produced every year that could
potentially be used as inexpensive feed additive in animal industry [18,19]. In a recent
study, ginger supplement in broiler chicken diets stimulated the immune and digestive
systems of the birds considerably [20]. In another study, Yusuf et al. [21] showed that,
ginger in combination with probiotic and organic acid (citric acid) in laying Japanese
quail diets improved the laying performances, feed conversion ratio (FCR), egg quality,
bone characteristics, and reproductive indexes. Accordingly, diet supplementation with
ginger powder increased total superoxide dismutase and glutathione peroxidase (Gpx)
activities while it reduced malondialdehyde (MDA) and cholesterol concentrations in
serum of broiler chickens at 21 and 42 days of age [22]. Ginger has also been reported to
increase gastrointestinal secretion, digestive enzymes, improve circulation and intestinal
movements [23]. It has been reported that using 4 and 8 g/kg of ginger powder of diet
reduced feed intake but improved weight gain compared with control group [24]. In a study,
ginger powder at 0.05 g/kg of diet, increased the egg production, hatching, reproductive
performance, and economic efficiency of Japanese quail [25]. Other studies have reported
that the addition of ginger essential oils at 300 µL/kg of diet, increased egg shell weight
and shell thickness in laying hens [26]. Supplementation of broiler chickens diet with
ginger reduced MDA and cholesterol concentration in serum of chickens at 21 and 42 days
of age [22]. The effects of ginger supplementation in diets of broiler chicks at 64 weeks
of age at 0.2, 0.4, and 0.6% showed a significant improvement in the feed conversion
ratio in the treatment group containing 0.4% ginger powder [25]. Ibtisham et al. [27] have
shown improvement of the production rate and feed intake of ginger powder and Chinese
herbal medicine fed laying hens. They also concluded that ginger powder could be a
suitable alternative to the antibiotic in poultry feed. In another study, Habibi et al. [28]
reported that ginger powder and essential oils may be a vital replacement for synthetic
antioxidants in broiler diets. Additionally, these researchers stated that ginger powder
might be better than extracted essential oil for improving antioxidant status in broiler.
The effect of diet supplementation with extract from thyme and ginger on the egg quality
of laying hen was investigated by Damaziak et al. [29], who demonstrated that hen diet
supplementation was improved Haugh unit of albumen and yolk color of fresh and hard
boiled eggs. Recent studies suggest that Haugh unit and yolk color are important in the
commercial production of table eggs which affected by dietary composition (e.g., protein
sources and pigments) [30]. Color is an important qualitative feature of food acceptability
as it affects consumers’ perceptions of quality and flavor helping those making decisions
about the purchase. Most consumers find yolk color related to the age and health of
the animal and the quality of egg and its derivatives. Generally, edible additives and
feeding methods are the main factors in the egg yolk color. For instance, natural pigments
of plants such as carotenoids play an important role in the development of egg yolk
color [25]. However, to the best of our knowledge, information regarding the potential
benefits of these feed additive in the Japanese quail’s diet is limited, so the present study
was conducted to evaluate the effects of using different levels of ginger powder on the
productive performance, eggs quality, and blood parameters in laying Japanese quails.
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2. Materials and Methods

Animal welfare statement: All the methods and protocols used in this study were
approved by the Research Bioethics Committee of Tabriz University (RBCT) for Use of Lab-
oratory Animals of University of Tabriz (Approved number: IR.TABRIZU.REC.1399.032).

2.1. Experimental Birds and Management

A total of 240 laying Japanese quails (10 weeks old), after a two-week adaptation
period, were randomly divided into 4 experimental groups (4 replicates each, 15 birds per
pen). Dietary groups included the basal diet (control) and the basal diet supplemented
with 0.5, 1, and 1.5 g ginger root powder per kg of diet. The birds were kept in a multi-story
wired cages in a well-ventilated room with the temperature of 23–29 ◦C and 16L:8D light
regime during experiment. Each cage had 3600 cm2 floor space with size 45 × 45 cm2 and
was equipped with two nipple drinker and one feeder. The basal diet was formulated to
meet the National Research Council (NRC) recommendations [31] as showed in Table 1.
Quails received water and feed ad libitum throughout the experimental period.

Table 1. Ingredient and composition of the basal diet.

Item Value (%) Diet Composition Value

Corn 45.38 ME (kcal/kg) 2900
Soybean meal 32.50 Crude protein (%) 20
Wheat bran 10.51 Ca (%) 2.5
Soybean oil 3.2 Available P (%) 0.39

Di calcium phosphate 1.8 Na 0.15
Calcium carbonate 5.3 Methionine (%) 0.7

Methionine 0.39 Lysine (%) 1.12
Sodium chloride 0.32 Sys (%) 0.34

Bicarbonate 0.1
Vitamin 1 0.3

Trace mineral 2 0.3
1 Supplied per kg of feed: vitamin B1, 2.16 mg; vitamin B2, 7.92 mg; pantothenic acid, 12 mg; nicotinic acid;36,
vitamin B6, 3.6 mg; folic acid, 1.2 mg; biotin, 0.12 mg; vitamin K3, 2.4 mg; vitamin E, 21.6 IU; chloin chloride, 300;
antioxidant, 120 mg; vitamin A, 10,800 IU; vitamin D3, 2400 IU and vitamin B12, 0.018 mg. 2 Supplied per kg feed:
FeSO4, 0.15 g; MnSO4, 0.12 g; CuSO4, 0.03 g; I, 1.2 mg and Se, 0.24 mg.

2.2. Preparation of Ginger Powder Samples

Fresh ginger root was purchased from the local market and then cut into slices. Ginger
slices were air-dried (sunshade for 1 day) at room temperature and further oven-dried (at
40 ◦C for 40 h) (Memmert UNB400). Dehydrated slices were then processed by grinder
device (IKA, MF 10 basic) to fine powder, and subsequently stored in moisture-controlled
ziplock bags at 4 ◦C. Ethanolic ginger extract was prepared by mixing 2 g of ginger powder
in the 100 mL of absolute ethanol. The mixture was processed for 30 min at 85 ◦C. The
prepared extract was filtered by Whatman No. 1 filter paper. Dry extract (5 g) was dissolved
in 10 mL of methanol solvent and sonicated for 30 min at 15 ◦C. Constituents of the extract
were quantified by HPLC (Smartline, Knauer, Germany) method [32]. The contents of
bioactive components were determined in the extract and the concentration of 6-gingerol,
8-gingerol, 10-gingerol, and 6-shogaol was 6163.1, 802.8, 783.9, and 839.9 mg/kg ginger
(on dry weight basis), respectively. Nutrient compositions and total phenolic content of
ginger root powder were analyzed according to standard method, Association of Official
Analytical Chemists (AOAC) [33] and Nemati et al. [34], respectively and the results are
given in Table 2.
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Table 2. Nutrient composition of ginger powder (% DM) used in the experiment.

Item Level (%)

Dry matter, DM 88.5
Phenol, component (g/100 gr) 0.703

Crude protein 5.5
Ash 11.75

Organic matter, OM 88.25
Ether extract, EE 1.35

Neutral detergent fiber, NDF 7.5
Acid detergent fiber, ADF 4.5

Natural detergent soluble fiber, NDS 92.5
Acid Detergent soluble fiber, ADS 95.5

2.3. Measurement of Productive Performance and Egg Quality

In this study, egg production was recorded daily; however, feed consumption and egg
weight [25] were recorded weekly. Moreover, feed efficiency was calculated by dividing the
total feed intake by total egg mass during each period. The feed conversion ratio (FCR) [35]
was expressed as kilograms of feed consumed per kilogram of egg produced. Six eggs
(per replicate) were randomly selected to determine the traits related to the characteristics
of quail eggs at 0, 2, 4, 6, and 8 weeks. Egg length and width were measured with a
0.01 mm digital caliper (Mitutoyo). For Haugh unit measurements six eggs were weighed
and then cracked separately. Albumen heights of three near yolk areas were measured
with a 0.01 mm digital caliper. The Haugh unit [35] was calculated using egg weight and
albumen height data of each 6 egg. Furthermore, the yolk height and width were measured
by 0.01 mm digital caliper. For calculation of yolk to albumen ratio as well as yolk and
albumen percentages, yolk and albumen were carefully separated from each other and
subsequently weighed by 0.001 g digital scale (A&D N92) [36]. For color measurements
using Roche color fan, eggs were individually broken onto a flat surface and then color
was recorded [35]. Egg shell thickness was measured using a 0.01 mm micrometer at three
different points. Average of three points was considered as final thickness of each eggshell.
The eggshell percentages were calculated using washed and dried eggshell weights [35].
For pH analysis, yolk and albumen were completely mixed with a glass rod prior to
measurement separately (pH meter; Hanna 211, Woonsocket, RI, USA) [34].

2.4. Blood Biochemical Parameters Analysis

At the end of the experiment, two birds from each replicate were randomly picked
up for slaughter (6 birds per treatment). Blood samples were collected from the neck
vein of the birds using sterilized needles and then centrifuged for 15 min at 3000 rpm to
separate the serum. The collected serum was stored at −20 ◦C for the analysis of glucose
(Catalog No: 117500), albumin (Catalog No: 5017) and total protein (Catalog No: 128500),
cholesterol (Catalog No: 110500), and triglycerides (Catalog No: 132500). Blood biochemical
parameters were measured by a spectrophotometric analysis, using commercially available
kits (Pars Azmun Diagnostic, Tehran, Iran).

2.5. Antioxidant Status

Ferric reducing antioxidant power assay was used to assess the total antioxidant capac-
ity (TAC) of blood samples [37]. TAC was quantified by the reaction of phenanthroline and
Fe2+ using a spectrophotometer at 520 nm. TAC is defined as the amount of antioxidants
required to increase the absorbance by 0.01, in 1 mL of blood sample at 37 ◦C. Concen-
tration of MDA in the serum, as an index of lipid peroxidation and oxidative stress, was
determined using the thiobarbituric acid reactive substances (TBARS) method [37]. The
principle is that TBARS reacts with MDA to form a stable pink color that could be measured
spectrophotometrically at 532 nm. The values of MDA were expressed as (nmol/mL).
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2.6. Statistical Analysis

Data of production performance and egg quality were subjected to one-way analysis
of variance (ANOVA) using MIXED procedure (Repeated Measurement), SAS (version 9)
as a completely randomized design [38]. Tukey multiple comparison test was used to
compare the averages at a 5% confidence level. The Shapiro–Wilk and Levene tests were
used for model assumptions of homogeneity of variance and normality, respectively. The
percentage data including egg mass, egg production rate, yolk index, egg yolk, eggshell
and albumen relative weight, and egg shape were transformed by arcsine of the square root
before analysis to achieve homogeneity of variance. No statistical difference was observed
between the two sets of data thus results of statistical analysis on the original data are
presented in this article.

The statistical design model is as follows:

Yijkm = µ + Ti + Wj + TWij + Øk(ji) + Eijkm.

In which Yijkm is observed parameters, µ is the mean of population, Ti is the treatment
effect, Wj is the time effect, TWij is the treatment and time interactions, Øk(ji) is the random
factor (bird), and Eijkm are residual effects.

Data of blood biochemical parameters and immune response were subjected to one-
way ANOVA (general linear model (GLM) procedure), SAS following the statistical model.
Comparison of means was performed using Duncan test at the confidence level of 5%. A
level of p < 0.05 was used as the criterion for statistical significance.

Yij = µ + Ti + Eij.

In which Yijk is observed parameters (dependent variable), µ is the mean of population,
Ti is the treatment effect and Eij are residual effects.

3. Results
3.1. Productive Performance

The effect of dietary supplementation with natural additives of ginger powder on the
productive performance is presented in Table 3. The results showed that the experimental
treatments had no significant effect on egg production rate among the treatments during
the experimental period (p > 0.05). Egg mass and egg weight were not significantly affected
by the level of ginger powder used (p > 0.05). As shown in Table 3, addition of different
levels of ginger significantly reduced feed intake during the whole experimental period
(p < 0.05) compared with the control treatment. Ginger powder had dose-dependent effect
since highest concentration of 1.5 g/kg of diet was most the potent treatment. The effect of
treatment and time interaction was insignificant on the feed intake, egg weight and egg
mass (p > 0.05). Nonetheless, the treatment x time interaction was significant on the FCR
(p < 0.05). According to our results, Table 3, GP supplemented diet reduced FCR compared
with the control group during experiment period (p < 0.05). High levels of ginger powder
at 1.5 g/kg level decreased FCR compared with other groups. The experimental treatments
significantly reduced FCR during breeding weeks. Moreover, the effect of time on the FCR
was also significant.
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Table 3. Effects of ginger powder supplementation on productive performance in Japanese quails.

Item Feed Intake
(g/day)

Feed Conversion
Ratio (g:g)

Egg Production
Rate (%) Egg Weight (g) Egg Mass (%)

Treat
Control 33.87 a 3.03 92.99 12.01 11.16
GP0.5 32.93 b 2.88 94.10 12.13 11.41
GP1.0 32.19 c 2.77 94.42 12.31 11.62
GP1.5 31.33 d 2.72 94.77 12.15 11.51
SEM 0.17 0.02 1.19 0.13 0.13

Week 0 34.02 2.99 93.87 12.12 11.37
Time, w

Week 2 34.21 a 2.95 94.51 12.25 a 11.58 a

Week 4 32.13 b 2.78 94.91 12.17 a 11.54 a

Week 6 32.06 b 2.85 93.84 11.99 b 11.25 b

Week 8 31.93 b 2.82 93.03 12.18 a 11.33 b

SEM 0.21 0.01 0.82 0.08 0.08
treat × Time

Control Week 2 34.71 3.02 a,b 93.92 12.22 11.48
Control Week 4 34.45 3.01 a,b,c 94.10 12.13 11.41
Control Week 6 33.66 3.1 a 92.32 11.77 10.85
Control Week 8 32.68 2.99 a,b,c,d 91.61 11.91 10.91
GP0.5 Week 2 34.82 3.05 a,b 93.21 12.26 11.42
GP0.5 Week 4 32.11 2.81 d,e,f 94.46 12.08 11.39
GP0.5 Week 6 31.94 2.85 b,c,d,e,f 93.03 12.02 11.18
GP0.5 Week 8 32.84 2.82 c,d,e,f 95.71 12.15 11.63
GP1.0 Week 2 34.05 2.89 b,c,d,e 95.17 12.36 11.77
GP1.0 Week 4 31.19 2.69 f,g 94.28 12.26 11.56
GP1.0 Week 6 32.03 2.77 e,f,g 94.50 12.23 11.56
GP1.0 Week 8 31.50 2.71 e,f,g 93.75 12.37 11.59
GP1.5 Week 2 33.25 2.85 b,c,d,e,f 95.71 12.15 11.65
GP1.5 Week 4 30.80 2.61 g 96.78 12.19 11.80
GP1.5 Week 6 30.58 2.68 f,g 95.53 11.94 11.42
GP1.5 Week 8 30.69 2.74 e,f,g 91.07 12.31 11.19
SEM 0.42 0.03 1.64 0.16 0.17

Probability
Treat >0.0001 >0.0001 0.74 0.48 0.16
Time >0.0001 >0.0001 0.32 0.001 0.007

Treat × Time 0.07 0.01 0.23 0.41 0.06

Different letters (a, b, c, d, e, f or g) after the means within a column indicate significant differences among treatments (p < 0.05).

3.2. Quality Traits of Eggs

The effects of diet supplementation with different levels of ginger powder on qual-
itative traits of eggs are given in Table 4. The results showed that the effects of ginger
powder on egg weight, shape index, albumen weight, shell weight, albumen, yolk and
shell percentage, yolk pH, and shell thickness and strength were insignificant (p > 0.05).
Ginger supplementation improved yolk index; however, it did not increase yolk weight
compared with the control treatment (p > 0.05). Nonetheless, effect of time on yolk index
was significant (p < 0.05). The highest yolk color was related to the highest level of ginger
in the diet. The effect of treatment x time interaction, as shown in Table 5, were significant
on yolk color, albumen height and albumen index during experimental period (p < 0.05).
The albumen and yolk pH were significantly reduced by ginger powder experimental diet
compared with the control treatment (p < 0.05). Ginger diet improved Haugh unit relative
to control group (p < 0.05), but egg specific gravity (ESG) did not differ (Table 4).

274



Int. J. Environ. Res. Public Health 2021, 18, 2995

Table 4. Effect of different level of ginger root powder on egg quality of Japanese quails.

Traits

Experimental Diets p Value

Ginger Powder (g/kg of Diet)
SEM Treatment Time

Treatment
× Time0 0.5 1 1.5

Shape index % 128.97 130.25 253.90 122.66 62.09 0.43 0.45 0.43
Albumen index % 10.36 10.74 10.89 10.79 0.23 0.46 0.01 0.009

Yolk index % 44.77 c 47.02 a 46.16 a,b 45.17 b,c 0.54 0.005 >0.001 0.13
Albumen height (mm) 3.81 b 3.99 a 4.11 a 4.04 a 0.04 0.004 0.21 0.02

Haugh unit 84.88 b 86.06 a 86.62 a 86.27 a 0.24 0.003 0.13 0.07
Albumen weight 7.45 7.49 7.52 7.53 0.09 0.93 0.49 0.15

Yolk colour 4.25 b 4.45 b 4.70 a 4.75 a 0.08 0.004 >0.001 >0.001
Shell weight (g) 0.965 0.966 0.987 0.989 0.01 0.56 0.59 0.98

Albumen percentage % 59.92 60.80 60.14 60.41 0.36 0.39 0.11 0.29
Yolk percentage % 32.31 31.35 31.95 31.64 0.30 0.20 0.03 0.44
Shell percentage % 7.76 7.84 7.90 7.93 0.11 0.73 0.59 0.29
Albumen to yolk 0.539 0.515 0.531 0.524 0.008 0.26 0.03 0.33
Yolk weight (g) 4.02 3.86 3.99 3.94 0.05 0.21 0.08 0.70

Yolk pH 5.87 a 5.84 b 5.81 b 5.85 b 0.01 0.02 >0.001 0.02
Albumen pH 8.91 a 8.78 b 8.77 b 8.83 b 0.02 0.01 >0.001 0.009

Egg specific gravity (g/cm3) 1.0740 1.0745 1.0748 1.0750 0.0006 0.72 0.60 0.97
Shell thickness (mm × 10)2 20.61 20.67 20.29 20.76 0.35 0.80 0.005 0.51

Shell strength (hg/cm2) 19.51 19.71 19.86 19.94 0.28 0.73 0.59 0.97

Different letters (a, b or c) after the means within a row indicate significant differences among treatments (p < 0.05).

Table 5. Effect of treatment and time Interaction on egg albumen and yolk traits in Japanese quails fed different level of
ginger root powder.

Treat Time (Week) Albumen Index Albumen Height (mm) Yolk Colour Yolk pH Albumen pH

Control 2 10.38 a,b 3.71 b 3.87 d 5.91 a,b 8.99 a,b

Control 4 9.75 b 3.68 b 4.56 b,c 5.85 a,b,c,d 9.10 a

Control 6 10.36 a,b 3.90 a,b 4.35 b,c,d 5.84 a,b,c,d 8.81 c,d,e,f

Control 8 10.95 a,b 3.94 a,b 4.20 b,c,d 5.89 a,b,c 8.75 c,d,e,f

GP0.5 2 9.98 a,b 4.01 a,b 4.20 b,c,d 5.81 b,c,d 8.73 e,f,g

GP0.5 4 11.09 a,b 4.001 a,b 4.12 c,d 5.82 a,b,c,d 8.91 a,b,c,d

GP0.5 6 10.86 a,b 3.91 a,b 4.56 b,c,d 5.85 a,b,c,d 8.74 e,f,g

GP0.5 8 11.02 a,b 4.04 a,b 4.91 a,b 5.88 a,b,c 8.72 e,f,g

GP1.0 2 10.99 a,b 4.26 a 4.29 b,c,d 5.76 d 8.76 c,d,e,f

GP1.0 4 10.33 a,b 3.98 a,b 4.41 b,c,d 5.81 a,b,c,d 8.90 a,b,c,e

GP1.0 6 11.50 a 4.25 a 4.54 b,c,d 5.81 a,b,c,d 8.72 d,f,g

GP1.0 8 10.71 a,b 3.94 a,b 5.56 a 5.86 a,b,c,d 8.70 f

GP1.5 2 10.24 a,b 4.05 a,b 4.35 b,c,d 5.85 a,b,c,d 8.81 b,c,d,e,f

GP1.5 4 10.45 a,b 4.04 a,b 4.50 b,c,d 5.79 c,d 8.89 a,b,c,d,e,f

GP1.5 6 11.26 a,b 4.06 a,b 4.58 b,c,d 5.84 a,b,c,d 8.76 c,d,e,f

GP1.5 8 10.87 a,b 4.02 a,b 5.56 a 5.92 a 8.86 b,c,d,e,f

SEM 0.34 0.08 0.13 0.02 0.04
p value 0.009 0.02 0.001 0.02 0.009

Different letters (a, b, c, d, e, f or g) after the means within a column indicate significant differences among treatments (p < 0.05).

3.3. Blood Parameters and Egg Yolk Phenolic Compounds

The effect of experimental diets on blood parameters of animals are presented in
Table 6 and Figure 1. The results revealed that supplementation of ginger powder in the
diet had significant effect on the level of triacylglycerol (p < 0.05). Nevertheless, serum
albumin, cholesterol, glucose, MDA, and TAC were not affected by the diet (p > 0.05).
Level of serum TAC only numerically elevated, while MDA level was reduced in birds
fed medium level of ginger powder compared with the control group. The effect of
experimental treatments on phenolic compounds of the yolk, as shown in Figure 1, was
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significant (p < 0.05). Highest concentration of ginger powder (1.5 g/kg diet) was the most
effective treatment in stimulating the production of phenolic.

Table 6. Biochemical parameters in blood serum of Japanese quail fed diets with ginger powder supplementation.

Treatments Protein
(g dL−1)

Albumin
(g dL−1)

Triacylglycerol
(mg dL−1)

Cholesterol
(mg dL−1)

Glucose
(mg dL−1)

Control 5.80 1.60 453.1 a 243 195
Ginger (0.5 g/kg of diet) 5.70 1.43 351.8 b 247 242
Ginger (1 g/kg of diet) 5.73 1.56 336.8 b 210 173

Ginger (1.5 g/kg of diet) 6.15 1.70 342.6 b 219 221
SEM 0.28 0.1 23.03 22.18 21.80

p-value 0.64 0.39 0.01 0.58 0.17

Different letters (a or b) after the means within a column indicate significant differences among treatments (p < 0.05).
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4. Discussion

In general, inclusion of ginger powder in the diet of birds was effective on various pro-
ductive parameters. In this experiment, production rate and egg mass were not influenced
by the treatments, while feed intake and FCR decreased when birds received increasing
levels of ginger powder. In agreement to our results, previous findings confirmed that
dietary supplementation with ginger root improved FCR in broiler chickens [39] and de-
creased feed intake in guinea fowl [40]. Furthermore, ginger supplements had no adverse
effect on the palatability of broiler feeds [39] and improved the digestibility of dry matter
in guinea fowl [40]. Contrarily, Damaziak et al. [29] did not observe any positive effect
of the ginger root on egg production rate in laying hens. However, findings of our study
were not in agreement with the handful studies showing the insignificant effect of ginger
powder [41] or ginger extract dietary supplementation [42] on the FCR. Akbarian et al.
reported that using different levels of ginger (0.25, 0.5 and 0.75 g/100 g of diet) in laying
hens during 30 weeks had insignificant effect on FI and FCR [43]. The disparity of this
study with previous research results could be due to differences in ginger source, process-
ing methods as well as poultry species [42,44]. Ginger contains many active compounds
(e.g., brunel, camphon, limonene, humolin, gingerol, gingeron, gingerdiol, shogaols, some
phenolic ketone derivatives, volatile oils, alkaloids, saponins, and flavonoids) [45] that
could stimulate feed digestion and the digestive enzymes, thus increasing FI and FCR [38].
In the same way Platel and Srinivasan [46] stated that ginger enhanced the activity of
pancreatic lipase, amylase, trypsin chymotrypsin, and bile acid secretion in albino rats.
In fact, these enzymes, bile and biliary bile acids significantly affect the digestion and
absorption of nutrients. In accord, Habibi et al. [28] indicated the stimulating effect of
ginger root powder (7.5 g/kg of diet) on body weight and weight gain in broiler chicks
at 22 days of the experiment. In another study, ginger powder increased production,
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hatchability, reproductive performance, and economic efficiency at a level of 0.05 g/kg
diet while increasing egg weight and feed intake in Japanese quail [25]. In present study,
ginger powder supplemented diet had no effect on egg production, egg weight, and total
egg mass among the treatments during the experiment period. Our findings were in line
with the results of Wen at al. [42] and Herve et al. [47] reporting the insignificant effect of
ginger supplemented diet in laying hen and quail. Moreover, Wen et al. concluded that egg
weight was improved in ginger powder fed laying hen [47]. The results of studies on the
effect of ginger at increasing levels of 0, 5, 10, 15, and 20 g/kg of diet on the performance of
laying hens at the age of 27 weeks showed that all laying hens were in good health and no
mortality was recorded in the whole period of the experiment. Average egg weight and
laying rate were similar in treatments containing ginger powder. Egg mass was positively
affected by the treatments compared with the control group, which can be related to the
positive effect of ginger powder on laying rate as well as egg weight [48]. In contrast to
the current quail study, egg production rate was increased in ginger extract/powder fed
laying hen [48,49] alone or in combination with medicinal herbs [27]. This means that the
beneficial effect of ginger on performance depends on the bird species, dosage of ginger,
and its derivatives and interaction with other dietary components. However, information
about mechanism of action of ginger intake are scarce [50].

In this study ginger powder was beneficial on the reducing the blood triacylglyc-
eride levels yet its effects were not significant on serum cholesterol and glucose levels.
Other serum parameters including albumin, and protein were not significantly affected
by ginger powder (p > 0.05). Consistent with these results, studies have shown that diet
supplementation with ginger extract at 0.4 and 0.6 mg/g of diet, significantly decreased
glucose, triglyceride, and cholesterol levels [51]. Akhany et al. [52] concluded that ginger
extract significantly reduced blood glucose levels and increased insulin levels. Some of
the essential minerals (calcium, zinc, potassium, manganese, and chromium) are related
to the mechanism of insulin release [53]. In another study, ginger at concentrations up to
2% of the diet reduced cholesterol, triglyceride, and glucose levels in comparison with the
control group, while the serum protein was not affected by the experimental treatments [38].
Ginger has previously shown strong anti-lipidemic effect on serum cholesterol and triglyc-
eride levels [54]; hence, its mode of action may be related to the inhibition of cholesterol
synthesis (e.g., β-hydroxy-β-methylglutaryl coenzyme A (HMG—CoA) [51]. Correspond-
ingly, ginger is a potent HMGR-inhibiting drug, known to cause liver-specific inhibition
of cholesterol synthesis [55]. In addition, other reports showed that diabetic therapy with
insulin helps in reducing the plasma triglycerides by affecting lipoprotein lipase levels [56].
Ginger has insulin-stimulating effect which could reduce plasma triglycerides [56]. Pre-
vious studies stated that phenols and flavonoids act as potent antioxidants [57]. Khalifa
and Noseer [58] revealed that eggs produced by quail supplemented with combined gin-
ger powder and probiotics had the lowest total cholesterol content in serum and yolk
compared with the control, along with an increase in high-density lipoprotein (HDL) and
decrease of low-density lipoprotein (LDL). Herve et al. [59] showed that total cholesterol
and triglycerides, transaminases, and MDA decreased in quails supplemented with ginger
essential oil at 50, 100, and 150 µL/kg body weight.

Haugh unit, albumen height, and yolk index are characterized as main reference
associated with egg quality, which influenced by feed additive (e.g., green tea powder) [60].
In this study yolk index, albumen height, and Haugh unit of eggs were increased in diet
supplemented with ginger powder. Several studies indicated that ginger supplementation
in poultry diets significantly increased antioxidant enzymes as well as TAC and decreased
MDA [22,28,43]. Improvement of egg yolk index and Haugh unit in the current study
may be due to the effect of the phenolic compounds of ginger (gingerols and shagaol)
which have antioxidant properties [61]. As discussed earlier, color of the yolk an accept-
ability and freshness feature of the egg, could be improved by natural products such as
carotenoids. In this study, egg yolk color was positively affected by ginger powder con-
sumption (1.5 mg/kg). However, others have reported the ineffectiveness of fermented
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ginger powder (10 and 50 mg/kg of diet concentrations) [23] and ginger extract [42] on the
yolk color and yolk and albumen percentage. The intensity of egg yolk color depends on
the presence and utilization of pigments in the diet, because laying hens have no ability
to produce pigments through their biochemical processes [62]. The darker yolk color of
eggs from quails received ginger is probably due to the natural pigments found in ginger,
including 6-dehydrogingerdione, which causes a deep yellow color [63]. No difference in
other quality traits of quail eggs indicates that ginger does not affect the egg shell quality
or egg composition (percentage of albumen, yolk, and shell). The results of present experi-
ment consistent with the result of Wen et al. 2019 [42] showing that the use of ginger root as
an additive in Japanese quail diet had significant effect on Haugh unit and albumen height
yet being ineffective on shell thickness, shell strength, and egg composition percentage.
We, in this study, observed concentration dependent potency of ginger powder on many
important parameters of fresh egg quality (e.g., Haugh unit, yolk index, and yolk color) in
laying quails; however, other variables associated with egg shelf life should be tested for a
final statement.

5. Conclusions

The results of this study suggest that the inclusion of ginger root powder in Japanese
quail diet can partially improve the productive performance, antioxidant status, and blood
parameters. Moreover, ginger could improve yolk color and albumen quality expressed
in Haugh units. The effects on the quail production performance seemed to be dose
dependent and ginger at the highest tested level (1.5 g/kg of ginger powder) was most
effective treatment. However, further studies are needed to conclude on the effect of ginger
on quality of the poultry products as well as its mechanism of action.
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Abstract: Muslim tourism is one of the most rapidly developing sectors in the international tourism
industry. Nevertheless, halal food performance and its relationship with international Muslim
traveler decision-making and behaviors have not been sufficiently examined. The present research
explored the influence of halal food performance, which encompasses availability, health/nutrition,
accreditation, and cleanness/safety/hygiene factors, on the Muslim traveler retention process at
a non-Islamic destination. A survey methodology with a quantitative data analytic approach was
employed to achieve research goals. Our findings indicated that halal food performance increased
destination trust and destination attachment, which in turn influenced Muslim traveler retention.
Additionally, the efficacy of the higher-order framework of halal food performance was defined.
Both destination trust and attachment mediated the effect of halal food performance on retention.
A halal-friendly destination image included a moderating influence on the retention process. The
effectiveness of the proposed theoretical framework for explicating Muslim traveler behaviors was
uncovered. This research better introduces the importance of halal food performance and its attributes
for the elicitation of Muslim traveler approach responses and behaviors at a non-Islamic destination
to researchers and practitioners.

Keywords: halal food performance; availability; healthy/nutritional factor; accreditation; clean/safe/
hygiene factor; trust; attachment; halal-friendly image; retention; muslim travelers

1. Introduction

Muslim travelers are undoubtedly an emerging tourist group in the global tourism
industry [1–5]. As the competition in the international tourism marketplace is intensifying,
many destinations are eager to develop halal-friendly products and make a Muslim-friendly
tourism environment to attract a greater number of Muslim visitors [1,4]. Developing new
halal-friendly marketing and retention strategies is irrefutably important in expanding
the business volume related to Muslim tourism at tourist destinations [1,5,6]. Halal food
is frequently regarded as one of the most significant halal-friendly products at many
places [7–10]. Increasing the halal food availability and improving its attribute quality is
indisputably becoming essential to fulfill Muslim travelers’ halal-friendly tourism needs
and provide them with pleasant tourism experiences, especially in non-Islamic countries
and tourism destinations [10,11].

Despite the rapid growth of Muslim tourism for the past few decades in the global
tourism sector, the competitiveness with many non-Islamic destinations in the marketplace
is still not strong enough [4,5,10]. According to [12], such weak competitiveness is mostly
relevant to Muslim travelers’ experiences with restaurants and foods that are not sufficiently

283



Int. J. Environ. Res. Public Health 2021, 18, 3034

halal-friendly. Nevertheless, the empirical endeavor investigating the possible influence
of halal food performance on Muslim traveler post-purchase behavior at non-Islamic
destinations has hardly been made. In addition, the existing studies indicated the criticality
of trust and attachment in explicating the traveler retention process [13–16]. Scant research
has unearthed the possible linkages between halal food performance and these essential
concepts. Moreover, destination image is irrefutably a crucial variable, affecting the entire
traveler post-purchase decision-making procedure [17–19]. A halal-friendly destination
image is vital in Muslim traveler behaviors [20]. Yet, how a halal-friendly destination
image determines the magnitude of the relation strength between halal food performance
and its outcome constructs has hardly been examined. That is, the particular role of a
halal-friendly destination image as a moderator in the Muslim visitor retention process has
not been thoroughly explored.

Taking this into account, the current research was devised to build a theoretical
framework that explicates Muslim traveler retention formation in a clear manner. Many
previous studies focused on defining what halal food is and what halal tourism is. Thus,
the current research tried to take a step further from the latent literature and develop both
the theoretical and the practical contribution of halal food to halal tourism. In particular,
we aimed (1) to assess the possible impact of halal food performance, which comprises
availability, health/nutrition, accreditation, and cleanness/safety/hygiene factors as its
constituents, on the Muslim visitor retention process at a non-Islamic destination; (2) to
uncover the appropriateness of a higher-order structure of halal food performance and
its competence; (3) to investigate the convoluted relations among halal food performance,
destination trust, and destination attachment, and the possible influence on retention; (4)
to assess the mediating role of destination trust and attachment; and (5) to unearth the
moderating role of a halal-friendly destination image within the proposed conceptual
framework. The remaining parts of this research are the literature review, methodology,
data analysis and results, and discussion and implications. Investigating these five aims,
this research will be able to not only build a theoretical framework of Muslim traveler
retention but also discover practical contributions for ways to retain Muslim travelers.

2. Literature Review
2.1. Halal Food and Its Performance

Halal is an Arabic term indicating, “which is allowed by Islamic teaching” [9,11].
Halal dietary laws were developed within Asia for Islamic followers to practice a nutritious
and healthy lifestyle [21]. The foods permitted under these halal dietary laws are called
halal food [21]. Muslim travelers’ demand for overseas traveling is rapidly increasing,
and their primary distress is the accessibility and quality of halal food in an international
destination [1,9,11]. Indeed, [22] recently reported that halal food consumption is a key
aspect of Muslim tourism. Little availability (or unavailability) and low performance of
halal food at a destination lowers the quality of Muslims’ overall tourism experiences
and generates their avoidance behaviors for that place [2,10]. Due to the recent growth
of the Muslim tourism market [7,23], halal food is becoming a fundamental topic in the
international tourism industry [8,11,20].

According to [24], the term “performance” indicates that individuals’ evaluation of
the excellence of a product and its attributes as compared to other products available in the
marketplace offered by rival firms. Consistently, halal food performance in this research
refers to travelers’ appraisal of the excellence of halal food and its essential attributes as
compared to the halal foods offered by competing destinations. Halal food performance
is constructed as an amalgamation of multiple dimensions that explicate an intricate
aspect of food and beverage consumption in a halal-friendly way [11,12]. Halal food
availability factors, halal food health/nutrition factors, halal food accreditation factors (e.g.,
accreditation with a halal certificate, halal logos), and halal food cleanness/safety/hygiene
factors are all crucial constituents of assessing halal food performance at international
destinations [9,20,25]. Indeed, [12] and [11] asserted that availability, health/nutrition,
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accreditation, and cleanness/safety/hygiene are the main things for Muslims to consider
related to halal food consumption when planning and practicing halal-friendly tourism
activities at non-Islamic destinations.

Research on halal food and understanding its influence on Muslim traveler behaviors
is still in its infancy in many non-Islamic destinations [1,6]. In these destinations, halal food
and beverage are relatively a new type of tourism product [11,26]. Muslim travelers can be
somewhat skeptical about whether the foods provided in non-Islamic destinations are pure
halal [11]. Although the authenticity and decency of halal food in such destinations is not
entirely certain [27], the quality performance of halal food often inspires Muslim travelers’
high level of trust for the food and the places [1,12], elicits their affection and attachment to
the places [8,20], and affects approach behaviors for the destinations [2,28]. Simply put,
halal food and its performance are strongly relevant to responses and behaviors among
overseas Muslim travelers [8,28].

2.2. Destination Trust

Because of the intangible form of hospitality and tourism products, trust and relia-
bility of the products/services often become an important subject in the hospitality and
tourism marketplace [14,15]. Many hospitality/tourism products entail a certain level
of uncertainty/risk, particularly in the international tourism context [14,29,30]. While
the definition of trust varies in the existing literature, one of the most broadly accepted
definitions in tourism is that trust is the degree to which travelers rely on a product, place,
brand, or exchanging partner [15]. Similarly, [31] conceptualized destination trust as the
travelers’ level of confidence and reliability toward a tourist destination and its perfor-
mance. It is broadly known that trust is a critical influence factor on travelers’ emotional
attachment and approach behaviors [13,15,29,31]. Thus, destination trust will positively
affect destination attachment.

For instance, in consumer behavior, [32] found that trust is an essential driver of
repurchase intention. In addition, [15] uncovered that trust in a place helps visitors attach
to the place and plays a vital role in building their positive intentions for the place in the
international tourism context. In recent decades, the importance of trust has been especially
emphasized in the Muslim tourism/consumer behavior sector [10,13,14]. Such trust is
likely formed based on a Muslim-friendly tourism environment at the destination [10].
In the Muslim tourism context, trust also generates travelers’ emotional responses and
reactions that are favorable for tourism destinations [28,33]. In other words, destination
trust will positively affect Muslim traveler retention.

2.3. Destination Attachment

A comprehension of attachment has a meaningful implication for understanding
traveler behavior [16,34–36]. Due to its hefty contribution to a surge of positive deci-
sion/behavior of visitors, attachment to a destination/place has broadly been a crucial
concept in hospitality and tourism [36]. Generating such attachment can be described as the
process of building an emotional connection between an individual and a destination [16].
Coherently, destination attachment in the present research indicates Muslim travelers’
emotional ties to a specific tourism destination. Attachment plays a crucial role when
individuals choose tourism/leisure products [34,36,37]. Findings in the extant literature
demonstrated that the high tourist attachment to a tourism product/service/destination
affects his/her post-purchase decision formation, inducing positive behaviors for the
product/service/destination [35,38].

In the hospitality context, [39] explored the influence of patrons’ attachment/involvement.
In [38], the findings revealed that the patrons’ purchase decision formation for a hospitality
product is significantly impacted by their level of product attachment. In the cruise tourism
sector, [35] investigated the intricate process of passenger loyalty generation. Their empiri-
cal finding showed that passenger loyalty formation is significantly triggered by passenger
attachment to the cruise line. In the festival tourism sector, [36] discovered that visitors’
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attachment to a festival destination is significantly associated with their loyalty for the place.
More recently, [37] uncovered that travelers’ level of attachment to the tourism product/place
increases their approach behaviors, such as retention and word-of-mouth activities. Travel-
ers’ strong attachment to a destination boosts their willingness to revisit the place, whereas
travelers’ weak attachment increases their avoidance decisions [16,36]. Therefore, destination
attachment will positively affect Muslim traveler retention.

2.4. Halal-Friendly Destination Image

Image has long been believed a crucial dimension when explaining patrons’ decision-
making procedures and attitudes of consumption [17,18,39,40]. Image refers to patrons’
overall perception of a firm and its product(s) based on the relations held in their mem-
ory [41]. Kotler et al. [42] provided a more precise conceptualization of it where image is the
overall set of consumers’ perceptions, opinions, and beliefs about a firm and its product(s).
Coherently, in this research, destination image indicates the summation of perceptions,
opinions, and beliefs that Muslim travelers have about a place and its halal-friendly at-
tributes. Individuals’ impressions/thoughts/beliefs of a particular object are formed
ultimately based on attained and processed information [43]. Baloglu, McCleary [44] and
Lee et al. [45] thus indicated that building an image of a place/product in the consumer
behavior context is a subjective and cognitive process of assessing such information about
a place/product.

Image and its potential influence have been well documented in consumer behavior and
tourism literature [19,39,45]. It is widely believed that increasing an image of a firm/place
eventually results in increased repeat business and loyalty for the firm/place [40,44,46].
According to [47], one’s image of a place significantly impacts the formation of his/her revisit
intention in the hospitality sector. More recently, [19] uncovered that destination image among
travelers’ social network members has a considerable effect on their choice behaviors. It is
likely that the entire customer retention process becomes strong when a customer image
of a place/product is favorable, whereas said process becomes weak when he/she has an
unfavorable image of the place/product [18,40,45]. Likewise, while a positive image of a
place/product often reinforces the formation of patrons’ post-purchase decisions, a negative
image often weakens their decision formation [18,39,47]. It is also evident that travelers’ image,
which is positive for a particular destination/tourism product, considerably influences the
process of generating their favorable behavioral intentions toward the destination/tourism
product [45]. Consequently, it can be concluded that a halal-friendly destination image
includes a significant effect on the relation between halal food performance and destination
trust and the relation between halal food performance and destination attachment.

2.5. Proposed Model and Hypothesis

The proposed model shown in Figure 1 encompassed (a) halal food performance whose
first-order factors are availability, health/nutrition, accreditation, and cleanness/safety/hygiene;
(b) destination trust; (c) destination attachment; (d) halal-friendly destination image; and
(e) Muslim traveler retention. The model contained a total of seven research hypotheses.
Hypotheses 1–6 concern the causal relationships among research constructs. In addition,
Hypotheses 7a–7b pertain to the moderating impact of a halal-friendly destination image.
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cant effect on the relation between halal food performance and destination trust. H7b: Halal-
friendly destination image includes a significant effect on the relation between halal food perfor-
mance and destination attachment. 
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Figure 1. The proposed conceptual framework. H1: Halal food performance includes a positive
effect on destination trust. H2: Halal food performance includes a positive effect on destination
attachment. H3: Halal food performance includes a positive effect on Muslim traveler retention. H4:
Destination trust includes a positive effect on destination attachment. H5: Destination trust includes
a positive effect on Muslim traveler retention. H6: Destination attachment includes a positive
effect on Muslim traveler retention. H7a: Halal-friendly destination image includes a significant
effect on the relation between halal food performance and destination trust. H7b: Halal-friendly
destination image includes a significant effect on the relation between halal food performance and
destination attachment.

3. Method
Measures

The measurement items for the research factors used in this research were adopted
from the existing studies [11,12,16,17,29,48,49] and adjusted to be appropriate to the current
study context. All items were measured by a seven-point Likert scale. Additionally,
multiple items were used to assess each construct. A total of six items were adopted to
evaluate halal food performance. Specifically, two items for halal food availability (e.g.,
“Availability of halal food attracted me to visit tourist places”), two items for halal food
health/nutrition (e.g., “Halal foods served in restaurants are healthy and nutritious”), two
items for halal food accreditation (e.g., “Halal food providers in tourist sites are accredited
with halal certification”), and two items for halal food cleanness/safety/hygiene (e.g.,
“Halal food and beverage offered in tourist sites/places were clean, safe, and hygienic”)
were utilized.

To measure destination trust, three items were used (e.g., “I have confidence in Korea
as a halal-friendly destination”). Destination attachment was assessed with two items (e.g.,
“I feel emotionally attached to Korea as a tourist destination”). Additionally, we utilized
three items to assess a halal-friendly destination image (e.g., “Overall, I have a good image
of Korea as a Halal-friendly destination”). For assessing Muslim traveler retention, two
items were utilized (e.g., “Korea as a Halal family-friendly place will be my first choice
when it comes to choosing a destination”). The survey questionnaire comprising these
measures was pre-tested with tourism researchers. A minor modification was adopted
based on their feedback. The survey was then further modified by halal tourism specialists’
reviews. All measures used in this research are exhibited in Appendix A.
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4. Results
4.1. Data Collection and Sample Profiles

A field survey was conducted. The survey was carried out in many tourist places of
Korea, which include restaurants, hotels, shopping malls, cultural districts, and tourist
sites. Many international travelers prefer these places. The surveyors contacted Muslim
tourists and asked if they were willing to fill out the survey. All survey participation was
voluntary. Detailed information about the survey and its objectives were explained to
all participants. The participants were asked to read the mandatory survey instructions
thoroughly and answer the questions. All responses were returned onsite. Throughout
this process, the researchers attained a total of 326 usable responses, which were used to
analyze the data. Of 326 participants, 54.3% were female tourists, whereas 45.7% were
male tourists. The participants’ age range was 20–69 years old. The average age was
29.17 years old. When visit frequency was questioned, roughly 65.6% showed that they
had visited Korea only once. About 89.3% indicated that they had visited Korea three times
or less. A majority of the respondents classified themselves as pleasure travelers (55.2%),
then education travelers (36.2%), and lastly business travelers/others (8.6%). About 77.9%
indicated that their annual income is less than USD 39,999 (77.9%), followed by between
USD 40,000 and USD 99,999 (20.3%), and then USD 100,000 or higher (1.8%). The sample
respondents were, in general, highly educated. About 55.2% indicated they are college
graduates, then graduate degree holders (28.8%), and then high school graduates or less
(16.0%). Asking the following question, “For you, how important are halal-friendly food
products when choosing a destination,” most survey participants reported that halal foods
are important or very important when selecting a tourism destination (87.1%).

4.2. Confirmatory Factor Analysis and Measurement Model Evaluation

A confirmatory factor analysis was performed (shown in Table 1). The measurement
model contained a satisfactory level of goodness-of-fit statistics (χ2 = 318.108, df = 107,
p < 0.001, χ2/df = 2.973, RMSEA = 0.078, CFI = 0.958, IFI = 0.958, TLI = 0.939). Each load-
ing value was found significant at p < 0.01. A composite reliability test was conducted.
All reliability values (halal food availability = 0.785, halal food health/nutrition = 0.903,
halal food accreditation = 0.833, halal food cleanness/safety/hygiene = 0.737, destination
trust = 0.945, destination attachment = 0.829, halal-friendly destination image = 0.949, and
Muslim traveler retention = 0.732) were above the suggested threshold of 0.70 [50]. Therefore,
the internal consistency of the construct measures was apparent. Additionally, the calcu-
lated average extracted values (halal food availability = 0.647, halal food health/nutrition
= 0.824, halal food accreditation = 0.713, halal food cleanness/safety/hygiene = 0.584,
destination trust = 0.852, destination attachment = 0.707, halal-friendly destination image = 0.861,
and Muslim traveler retention = 0.579) were all higher than the recommended level of
0.50 [50]. Moreover, these values were higher than the correlations (squared) between fac-
tors (refer to Table 2). Hence, construct validity (convergent and discriminant) was evident
in this research.
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Table 1. A confirmatory factor analysis of measurement items (n = 326).

Measurement Items (Factor Loadings) CR AVE

HA1: Availability of halal food attracted me to visit tourist places. (0.739) 0.785 0.647
HA2: Halal food and beverage are served in restaurants and outlets in tourist sites/places. (0.865)

HN1: Halal foods served in restaurants are healthy and nutritious. (0.921) 0.903 0.715
HN2: Halal foods that are available in tourist sites/places are healthy and nutritious. (0.894)

HAC1: Halal food providers in tourist sites are accredited with halal certification. (0.843) 0.833 0.713
HAC2: Halal food outlets/restaurants in tourist sites clearly display a halal logo. (0.846)

HC1: Halal food and beverage offered in tourist sites/places were clean, safe, and hygienic. (0.797) 0.737 0.584
HC2: Halal foods served in restaurants are clean, safe, and hygienic. (0.0.73)

DT1: I think Korea as a halal-friendly destination is reliable. (0.901) 0.945 0.852
DT2: I have confidence in Korea as a halal-friendly destination. (0.963)

DT3: I think that Korea as a halal-friendly destination has high integrity. (0.904)
DA1: I like Korea more than other tourist destinations. (0.844) 0.829 0.707

DA2: I feel emotionally attached to Korea as a tourist destination. (0.838)
HD1: My overall image of Korea as a Halal friendly destination is positive. (0.914) 0.949 0.861
HD2: My overall image of Korea as a Halal friendly destination is positive. (0.951)
HD3: Overall, I have a good image of Korea as a Halal-friendly destination. (0.918)

MT1: I am willing to revisit Korea in the near future. (0.686) 0.732 0.579
MT2: Korea as a Halal family-friendly place will be my first choice when it comes to choosing a destination. (0.829)

Note. HA: Halal food availability, HN: Halal food nutrition, HAC: Halal food accreditation, HC: Halal food cleanness, DT: Destination
trust, DA: Destination attachment, HD: Halal friendly destination trust, MT: Muslim traveler retention.

Table 2. Measurement model and data quality assessment results (n = 326).

Constructs (1) (2) (3) (4) (5) (6) (7) (8)

(1) Halal food availability 1.000 – – – – – – –
(2) Halal food

health/nutrition
0.715 a

1.000 – – – – – –
(0.511) b

(3) Halal food
accreditation

0.659 0.715 1.000 – – – – –
(0.434) (0.511)

(4) Halal food
cleanness/safety/hygiene

0.653 0.628 0.751 1.000 – – – –
(0.426) (0.394) (0.564)

(5) Destination trust 0.418 0.380 0.315 0.454 1.000 – – –
(0.175) (0.144) (0.099) (0.206)

(6) Destination attachment 0.306 0.273 0.262 0.320 0.531 1.000 – –
(0.094) (0.075) (0.069) (0.102) (0.282)

(7) Halal-friendly
destination image

0.506 0.486 0.424 0.556 0.699 0.544 1.000 –
(0.256) (0.235) (0.180) (0.309) (0.487) (0.296)

(8) Muslim traveler
retention

0.465 0.406 0.370 0.470 0.654 0.585 0.759 1.000(0.216) (0.165) (0.137) (0.221) (0.428) (0.342) (0.576)

Mean 4.824 4.399 4.747 4.848 4.405 4.704 4.432 4.432
Standard deviation 1.582 1.594 1.552 1.381 1.349 1.206 1.206 1.387

Note. Goodness-of-fit statistics: χ2 = 318.108, df = 107, p < 0.001, χ2/df = 2.973, RMSEA = 0.078, CFI = 0.958, IFI = 0.958, TLI = 0.939.
a Between-construct correlations are below the diagonal. b Between-construct correlations (squared) are within parentheses.

4.3. Structural Model Analysis and Hypotheses Testing

A structural equation modeling was performed. The proposed model was found
to have an acceptable level of goodness-of-fit statistics (χ2 = 283.934, df = 80, p < 0.001,
χ2/df = 3.549, RMSEA = 0.089, CFI = 0.943, IFI = 0.944, TLI = 0.926). The details are exhib-
ited in Table 3 and Figure 2. As exhibited in Figure 2, the higher-order model for halal food
performance result indicated that the first-order dimensions (availability, health/nutrition,
accreditation, and cleanness/safety/hygiene) and the higher-order latent construct are
related in a significant manner (p < 0.01). Coefficient values (standardized) for such rela-
tionships were 0.918 (availability), 0.870 (health/nutrition), 0.938 (accreditation), and 0.964
(cleanness/safety/hygiene), correspondingly. The relations were all significant (p < 0.01).
The first-order dimensions of availability (R2 = 0.843), health/nutrition (R2 = 0.758), accred-
itation (R2 = 0.880), and cleanness/safety/hygiene (R2 = 0.929) were sufficiently alleged to
its global latent factor. The framework encompassing halal food performance dimensions
as direct drivers of its outcome variables (the first-order formative research model) was
run to compare it to the proposed higher-order model. However, the result indicated that
most halal food performance factors within the first-order formative research model were
not significantly associated with destination trust, destination attachment, and retention.
Therefore, it was clear that the first-order variables related to one global factor of halal
food performance.
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Table 3. Structural equation modeling results and hypotheses testing (n = 326).

Hypothesized Paths Standardized
Estimates t-Values

H1 Halal food performance Destination trust 0.461 ** 7.799
H2 Halal food performance → Destination attachment 0.131 * 2.091
H3 Halal food performance → Muslim traveler retention 0.244 ** 4.359
H4 Destination trust → Destination attachment 0.539 ** 8.461
H5 Destination trust → Muslim traveler retention 0.439 ** 6.547
H6 Destination attachment → Muslim traveler retention 0.379 ** 4.884

Halal food performance Halal food availability 0.918 ** -
Halal food performance Halal food health/nutrition 0.870 ** 14.754
Halal food performance Halal food accreditation 0.938 ** 13.774
Halal food performance Halal food cleanness/safety/hygiene 0.964 ** 12.606

Total variance explained: Indirect impact on retention: Total impact on RI:

R2 for Muslim traveler retention = 0.765
β trust – attachment – retention = 0.204 ** β destination attachment = 0.379 **R2 for destination attachment = 0.372

R2 for destination trust = 0.213
R2 for halal food availability = 0.843 β halal food performance – trust & attachment – retention = 0.346 ** β destination trust = 0.643 **

R2 for halal food health/nutrition = 0.758
β halal food performance = 0.590 **

β halal food performance – trust – attachment = 0.248 **R2 for halal food accreditation = 0.880
R2 for halal food

cleanness/safety/hygiene = 0.929

Note1. Goodness-of-fit statistics for the structural model (higher-order framework): χ2 = 283.934, df = 80, p < 0.001, χ2/df = 3.549, RMSEA
= 0.089, CFI = 0.943, IFI = 0.944, TLI = 0.926, * p < 0.05, ** p < 0.01.
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The proposed associations were tested. As expected, halal food performance exercised
a significant influence on destination trust (β = 0.461, p < 0.01), destination attachment
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(β = 0.131, p < 0.05), and Muslim traveler retention (β = 0.244, p < 0.01). This outcome
supported Hypotheses 1, 2, and 3. The hypothesized influence of destination trust was
evaluated. Our finding showed the significant linkages between destination trust and
destination attachment (β = 0.539, p < 0.01) and between destination trust and Muslim
traveler retention (β = 0.439, p < 0.01). Hence, Hypotheses 4 and 5 were found true. In
addition, as anticipated, destination attachment was a significant predictor of Muslim
traveler retention. Hence, Hypothesis 6 was supported (β = 0.379, p < 0.01). Muslim
traveler retention was satisfactorily accounted for by its antecedents (R2 = 0.765). Moreover,
about 37.2% and 21.3% of the total variance in destination attachment and destination trust
were described by their predictors, respectively.

The indirect influence of research constructs was observed. As shown in Table 2,
our result showed that trust significantly affected retention indirectly through destination
attachment (β = 0.204, p < 0.01). In addition, halal food performance encompassed a
significant indirect impact on destination attachment (β = 0.248, p < 0.01) and Muslim
traveler retention (β = 0.346, p < 0.01). This finding indicated that both destination trust
and attachment played a critical mediating role within the proposed model. Our further
investigation showed that destination trust had the strongest total impact on Muslim
traveler retention (β = 0.643, p < 0.01), halal food performance (β = 0.590, p < 0.01), and
then destination attachment (β = 0.379, p < 0.01).

4.4. Baseline and Structural Invariance Model Results

A metric invariance test was carried out to uncover the proposed effect of a halal-
friendly destination image. The obtained responses were split into high and low image
groups. The high group contained 151 cases, whereas the low group included 175 cases.
This group was completed on the basis of the K-means cluster analysis result. A baseline
model comprising these two groups was created. The baseline model assessment results
are shown in Table 4. The model contains a satisfactory level of goodness-of-fit statistics
(χ2 = 376.699, df = 168, p < 0.001, χ2/df = 2.242, RMSEA = 0.062, CFI = 0.926, IFI = 0.927,
TLI = 0.907). Within the model, all loadings were constrained to be equivalent across
groups. We conducted a Chi-square test subsequently.

Table 4. Baseline and invariance model assessment results.

Paths

High Group of Halal-Friendly
Destination Image (n = 151)

Low Group of Halal-Friendly
Destination Image (n = 175) Baseline Model

(Freely Estimated)

Nested Model

Coefficients t-Values Coefficients t-Values (Constrained to
Be Equal)

Halal food
performance →

Trust
0.312 ** 3.418 0.227 ** 2.747 χ2 (168) = 376.699 χ2 (169) = 380.863 a

Halal food
performance →

Attachment
0.105 1.191 0.084 0.886 χ2 (168) = 376.699 χ2 (169) = 376.985 b

Chi-square difference test:
a ∆χ2 (1) = 4.164, p < 0.05 (H7a—supported)

b ∆χ2 (1) = 0.286, p > 0.05 (H7b—not supported)

Note. Goodness-of-fit statistics for the baseline model: χ2 = 376.699, df = 168, p < 0.001, χ2/df = 2.242, RMSEA = 0.062, CFI = 0.926,
IFI = 0.927, TLI = 0.907, ** p < 0.01.

The result of the comparison between the baseline model and the constrained model
indicated that the path from halal food performance to trust was meaningfully different
between the high and low groups of halal-friendly destination image (∆χ2 [1] = 4.164,
p < 0.05). This result supported Hypothesis 7a. However, the linkages from halal food
performance to attachment (∆χ2 [1] = 0.286, p > 0.05) were not meaningfully different
between the high and low groups. Thus, Hypothesis 7b was rejected. Figure 2 and Table 3
include the specifics about the metric invariance test results.
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5. Discussion
5.1. Higher-Order Framework of Halal Food Performance and Implications

One of the meaningful points in the present research is the higher-order framework
of halal food performance. The four first-order variables, such as (1) availability, (2)
health/nutrition, (3) accreditation, and (4) cleanness/safety/hygiene, belong to one inclu-
sive latent factor of halal food performance. This means that the commonality underlying
the four first-order variables was wholly extracted by its second-order construct. This
empirical result and finding enrich the halal food literature by providing a hierarchical
approach, which clearly apprehends the halal food performance. The parsimonious higher-
order structure framework enlightens academics and practitioners about the competence
of theorizing intricate halal food performance factors in a more succinct manner in the
Muslim tourism sector.

Food cleanness/safety/hygiene and accreditation were two main factors of halal food
performance. Therefore, for practitioners, assuring that halal foods served in restaurants
and available in tourist sites are clean, safe, and hygienic is critical. Displaying a halal logo
clearly and providing halal certified/accredited food/service is also essential. Such efforts
would fulfill many crucial facets of overseas Muslim travelers’ needs. In addition, food
availability and health/nutrition were the other crucial dimensions of halal food perfor-
mance. Boosting the availability of halal food and enhancing the healthy and nutritious
facets of existing halal food are hence imperative for a non-Islamic destination product to
appeal to Muslim visitors.

More than 20.0% of the food industry in the world is related to halal foods, and its
volume is increasing with the constant growth of the international Muslim traveler popula-
tion [20]. Many non-Muslim countries can also use halal foods as a tactic of their Muslim
tourism development. As demonstrated in this research, halal food performance ultimately
results in Muslim traveler retention. Improving the performance of halal food by centering
on its cleanness/safety/hygiene, accreditation, availability, and health/nutrition can elicit
approach behaviors for destinations, eventually increasing business opportunities, creating
more jobs, and bringing monetary investment/benefit to the destinations. Theoretically,
this research successfully explored halal food performance and its potential influence,
which was weakly known. Accordingly, diverse aspects of halal food performance should
be actively utilized when developing/building a theoretical framework for explicating
international Muslim traveler responses and behaviors at non-Muslim destinations.

5.2. Implications Related to the Role of Destination Trust and Attachment

Prior research in the literature asserted that the influence of cognitive variable(s) on
traveler post-purchase behaviors is likely to be strengthened by the mediating effect of
trust or attachment [12,29,30,37]. In line with these studies, the present research finding
demonstrated that destination trust and destination attachment significantly mediated
the impact of halal food performance on Muslim traveler retention. This means that both
destination trust and destination attachment acted as intensifiers of Muslim traveler reten-
tion within our proposed theoretical framework. Our results offer tourism academics and
destination practitioners crucial information about the importance of escalating destination
trust and enhancing destination attachment in order to induce the maximum impact of
halal food performance on Muslim visitor retention. Given the elaborate theoretical me-
diating mechanism unearthed in the present research, it is imperative to deal with such
mediator variables for the effectual increase in Muslim visitor approach behaviors for a
non-Islamic tourism destination.

5.3. Moderating Effect of Halal-Friendly Destination Image and its Implications

Findings of our metric invariance test indicated that the relationship between halal
food performance and destination trust is moderated by a halal-friendly destination image.
In particular, the association strength was greater in the high group of destination image
than in the low group (high group: β = 0.312, p < 0.01 vs. low group: β = 0.227, p < 0.01). This
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result implies that at a similar level of halal food performance, Muslim visitors who have a
strong halal-friendly image of a non-Islamic location more heavily rely on the destination
and its tourism environment than those who have an unfriendly image. Theoretically,
this finding has a strong value as the present study is the first empirical research that
provides evidence regarding the significance of a halal-friendly destination image in
determining the magnitude of the influence of halal food performance on destination
trust. Our evaluation and finding of the convoluted associations among food performance,
destination image, and destination trust, which are especially crucial in the international
Muslim tourism context, contribute to escalating academics’ understanding of Muslim
visitors’ post-purchase formation regarding non-Islamic destination products. Our finding
is also practically meaningful. As a halal-friendly image about a destination is decisive
in Muslim visitors’ retention process, practitioners should be more aware of its criticality.
Offering superior services and developing/providing new products, which are entirely
friendly for Muslim visitors, could generate a positive halal-friendly destination image.

6. Conclusions and Limitations
6.1. Conclusions

The rapid growth of Muslim tourism is evident in many Islamic and non-Islamic
destinations [4,5,10]. Yet, our understanding of halal food performance and its influence on
Muslim traveler approach behaviors for a destination was lacking. The present research has
filled this gap. The hypothesized conceptual framework was wholly supported. Halal food
performance was revealed to be a determinant of destination trust, destination attachment,
and Muslim traveler retention. Destination trust and attachment contributed to making the
best use of halal food performance in the retention process. A Halal-friendly destination
image strengthened the influence of halal food performance on destination trust. Our
findings help practitioners at non-Islamic destinations invent useful strategies to retain
international Muslim visitors by utilizing halal food, trust, attachment, and image as
important tools. Indubitably, a theoretical base pertinent to Muslim traveler behaviors at
non-Islamic places is in the infant stage. From this perspective, our research that helps
academics and practitioners increase their understanding of such behaviors contains high
originality and value.

6.2. Limitations and Future Research Arena

Although these research findings have presented both theoretical and conceptual
frameworks, this research had some limitations that provide some directions for potential
studies. First, the present study centered on Muslim traveler behaviors at a non-Islamic
destination. Their behaviors can possibly differ at an Islamic destination. Future research
should conduct an empirical comparison of the Muslim traveler retention process and
behavior across Islamic and non-Islamic destinations, which would be a meaningful exten-
sion of this study. Second, it would be true that a normative process such as social norms
and moral/ethical obligation is also crucial when explicating Muslim traveler approach or
avoidance behaviors. Indeed, some research denoted the criticality of normative factors
in traveler behaviors [51]. Thus, future research should broaden the proposed conceptual
model by integrating normative influence in order to improve the comprehensiveness and
explanatory power of the model. Lastly, future research should consider the changes in
travel options. For example, the accommodation option of Airbnb and/or other rental
properties will allow travelers to cook their own meals during their travel so that they do
not have to consider the halal-friendly options.
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Appendix A

Halal Food Performance [2,11,12,17]

Halal Food Availability Factor
Availability of halal food attracted me to visit tourist places.

Halal food and beverage are served in restaurants and outlets in tourist sites/places.

Halal Food Health/Nutrition Factor
Halal foods served in restaurants are healthy and nutritious.

Halal foods that are available in tourist sites/places are healthy and nutritious

Halal Food Accreditation Factor
Halal food providers in tourist sites are accredited with halal certification.
Halal food outlets/restaurants in tourist sites clearly display a halal logo.

Halal Food Cleanness/Safety/Hygiene Factor
Halal food and beverage offered in tourist sites/places were clean, safe, and hygienic.

Halal foods served in restaurants are clean, safe, and hygienic.

Destination Trust [12,29]
I think Korea as a halal-friendly destination is reliable.

I have confidence in Korea as a halal-friendly destination.
I think that Korea as a halal-friendly destination has high integrity.

Destination Attachment [16,37]
I like Korea more than other tourist destinations.

I feel emotionally attached to Korea as a tourist destination.

Halal-friendly Destination Image [45]
My overall image of Korea as a Halal-friendly destination is positive.

The overall image I have of Korea as a Halal-friendly destination is favorable.
Overall, I have a good image of Korea as a Halal-friendly destination.

Muslim Traveler Retention [49]
I am willing to revisit Korea in the near future.

Korea as a Halal family-friendly place will be my first choice when it comes to choosing a destination.
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Abstract: Bacterial retention and organic fouling on meat preparation surfaces can be influenced by
several factors. Surfaces with linear topographies and defined chemistries were used to determine
how the orientation of the surface features affected cleaning efficacy. Fine polished (irregular linear)
stainless steel (FPSS), titanium coated fine polished (irregular linear) stainless steel (TiFP), and
topographically regular, linear titanium coated surfaces (RG) were fouled with Escherichia coli mixed
with a meat exudate (which was utilised as a conditioning film). Surfaces were cleaned along
or perpendicular to the linear features for one, five, or ten wipes. The bacteria were most easily
removed from the titanium coated and regular featured surfaces. The direction of cleaning (along or
perpendicular to the surface features) did not influence the amount of bacteria retained, but meat
extract was more easily removed from the surfaces when cleaned in the direction along the linear
surface features. Following ten cleans, there was no significant difference in the amount of cells or
meat exudate retained on the surfaces cleaned in either direction. This study demonstrated that for
the E. coli cells, the TiFP and RG surfaces were easiest to clean. However, the direction of the clean
was important for the removal of the meat exudate from the surfaces.

Keywords: Escherichia coli; bacterial retention; surface topographies; meat exudate; wipe cleaning;
conditioning film

1. Introduction

Modern food processing and production facilities provide an environment that pro-
motes bacterial retention due to a myriad of factors, which include the surface properties
of the equipment and the matrix of the food being processed [1,2]. The removal of bacteria
and/or organic material from food production surfaces is important since its build up can
result in microbial contamination of food products, which can have a significant effect on
consumers, food companies, and food suppliers, for example, cross-contamination of food
with pathogenic bacteria can result in food-borne illnesses [3–6]. The Food Standard Agency
estimates that foodborne illness in the UK alone result in a financial loss of £1.5 billion per
annum [7]. As such, biofouling in the food industry is a significant problem [8]. For certain
bacteria, some of which are important human pathogens, there can be contamination
of raw meat due to biofouling [9]. Contamination of beef with Escherichia coli O157:H7
has been linked to outbreaks of foodborne illnesses and concerns about E. coli O157:H7
contamination have resulted in a zero tolerance towards this microorganism in the food
industry [10,11].
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Once a surface is introduced into an environment, it will adsorb a variety of organic
and inorganic matter, resulting in the formation of a conditioning film [12–14]. Surface
conditioning is a process which starts within seconds of the substratum becoming im-
mersed into liquids [15]. The structure and composition of a conditioning film is ultimately
dependent upon the surrounding products and the properties of the surface and can result
in physicochemical, chemical, and topographical alterations, affecting both the rate and
extent of bacterial retention and therefore surface contamination [16–18]. With regards to
the meat industry, the exudate of frozen raw meat has been identified as an important
source of bacterial contamination on food processing surfaces [19]. It has also been shown
that sterilized chicken juice is an ideal environment for survival of Campylobacter jejuni [20]
and its presence may also increase biofilm formation [21].

The method and type of physical cleaning methods used will be dependent on the food
industry and the surfaces involved [22]. Product contact surfaces may typically be cleaned
several times per day, while environmental surfaces such as walls and hoods may be
cleaned less frequently [23]. In the meat industry, chilled beef carcasses are cut into smaller
pieces, which are deboned and made into cuts; such work takes place on flat surfaces that
are regularly cleaned [24]. However, it has been suggested that bacterial recontamination
during this meat fabrication process results in higher numbers of E. coli on the cuts and
trimmings [25,26]. Hence, a better understanding is required of the mechanisms involved
in the attachment and detachment of bacteria to meat processing surfaces and their removal
following cleaning. To simulate more realistic conditions, cleaning assays need to be carried
out in the presence of a meat exudate (or relevant conditioning film) to increase the
understanding of surface hygiene and decrease transmission and hence potential public
health risks [27].

The ideal conditions for a hygienic surface have been defined as easy to clean, able to
resist wear and maintain their hygienic qualities over time [28]. The hygienic quality and
cleanability of a surface has been linked to the surface properties including the topog-
raphy [28–30], chemical composition [31] and physicochemical properties [32,33]. Ther-
modynamics are thought to play a central role in initial bacterial: substrata interactions
where it has been suggested that bacterial cells will attach preferentially to hydrophobic
materials (i.e., materials with a low surface energy), when the surface energy of the bacteria
is greater than the surface energy of the surrounding liquid [34]. Due to the complexity
of bacterial-substratum interactions, further research is required to fully elucidate the
underpinning mechanisms of bacterial attachment, adhesion, and retention [35].

An approach to reduce microbial contamination, which is a prerequisite for biofilm
formation, is the modification of surface topography. Microscale surface topographic fea-
tures have been shown to both inhibit or promote bacterial retention depending on the
size, shape, and density of the topographical features [36]. It has also been shown that
surfaces with features on the same scale as bacterial cells (e.g., cocci-shaped Staphylococcus
aureus; ~1 µm diameter) promote the strongest retention due to maximum binding at
the cell-substrate contact areas [37,38]. In an industrial setting, the wear of the surfaces
may introduce random features (i.e., scratches) of different dimensions and it has been
suggested that an increase in the surface roughness may cause the entrapment of microor-
ganisms within the surface features, which in turn will affect the cleanability and hence the
hygienic status of the surface [39]. Bacteria and organic material that become entrapped in
the topographical features of a surface are difficult to remove using standard cleaning pro-
cedures [40], and it has been proposed that the development of the micro-pattern materials
may help in the reduction of viable bacteria on food contact surfaces [41]. However, most
studies have not determined the effect of the presence of the conditioning film on surface
cleaning, especially with regards to the influence of surface topographical features [20], or
with regards to the direction of cleaning compared to the linear surface features.

Stainless steels are used widely throughout the food and beverage industry due to
their resistance to corrosion, thermal conductivity, and their ability to be produced with a
smooth surface finish [33]. Stainless steel grade 304 is most commonly used in the food
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industry [42]. Due to the production process of stainless steel, ‘microniches’ of heterogenous
chemical composition may result in varying bacterial retention patterns [43]. Titanium
has been incorporated into stainless steel alloys in the food industry to improve corrosion
resistance because it forms stable carbides [44,45]. Titanium surfaces may also have a more
homogenous chemical composition than stainless steel since it is comprised mainly of
TiO2 [46]. This work aimed to determine how surface attributes (chemistry and topography)
and the direction of cleaning affected bacteria and meat exudate removal from surfaces.

2. Materials and Methods
2.1. Equipment and Material Suppliers

The following reagents and materials were used; stainless steel sheets (Outokumpu
Stainless Ltd., Helsinki, Finland), sodium hydroxide, di-potassium hydrogen phosphate,
potassium di-hydrogen phosphate, tri-sodium citrate ammonium sulphate, magnesium
sulphate (Merck, Darmstradt, Germany), tryptone soya agar and tryptone soya broth
(Oxoid, Basingstoke, UK) rolled beef brisket (Co-op, Manchester, UK), Escherichia coli
CCL410 (Agence Francaise de Securite Sanitaire des Aliments, Paris, France), cleaning
clothes (WYPALL® ×80 Kimberley-Clark, West Malling, UK), Rhodamine B, DAPI and
glycerol (Merck, Darmstradt, Germany). The following equipment was purchased: Atomic
force microscope (Quesant Instruments, Santa Cruz, CA, USA), Crockmeter (A.A.T.C.C
Crockmeter, Model CM1, NC, USA), Epifluorescence microscope (Nikon, Tokyo, Japan),
F-View II camera (Soft Imaging System Ltd., Olympus, Tokyo, Japan), and Cell F Image
Analysis package (Olympus, Tokyo, Japan).

2.2. Production of Surfaces

Three different surfaces were used in this study, including stainless steel 304 with a fine
polished finish (FPSS), 304 fine polished finished stainless steel coated with titanium (TiFP)
and a linear, regular finished (RG) titanium surface. Fine polished, grade 304, stainless
steel sheets were prepared as 10 mm × 10 mm sample squares using a guillotine. To ensure
that the samples were examined in a pristine “as-manufactured” state, the manufacturer’s
protective plastic coating was only removed directly before experimentation.

The titanium surfaces with a regular topography were unwritten digital video discs
stripped of their protective coats. The samples were cut into 10 mm× 10 mm squares using
metal cutting shears and soaked overnight in 30% sodium hydroxide solution, followed
by rinsing thoroughly with sterile distilled water and drying in a class 2 microbiological
cabinet prior to coating with titanium.

Samples of the fine polished stainless steel surfaces and the stripped digital video
discs were coated using titanium. The substrata were coated with titanium via magnetron
sputtering in a modified Edwards E306A coating system rig using a single 150 mm diame-
ter× 10 mm thick, 99.5% pure titanium target attached to an unbalanced magnetron (argon
gas at a working pressure of 0.15 Pa; magnetron power of 0.5 kW; base pressure 10−4 Pa;
time 15 min; substrate biased at −50 V) [47].

2.3. Atomic Force Microscopy (AFM)

The shape and depth of the surface features was determined using atomic force mi-
croscopy. The analysis was carried out in in contact mode using triangular shaped silicon
nitride tips, with a spring constant of 0.12 N m−2. The height and shape of the features were
determined from five areas taken from different replicate surfaces.

2.4. Sample Organisms

This study was conducted with Escherichia coli strain CCL410. This strain was recov-
ered by the laboratory of Dr C. Vernozy-Rozand (Unité de Microbiologie alimentaire et
prévisionnelle, Ecole vétérinaire de Lyon, France) from heifers fecal samples. This strain
was selected due to it being a non-pathogenic variant of E. coli O157:H7 (wild type strain).
The pathogenicity of the bacteria was reduced due to the loss of stx1 and stx2 [48].
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2.5. Bacterial Stock and Working Cultures

Stock cultures of E. coli were stored at −80 ◦C in a freezer mix, which was composed
of a sterilised salt solution containing a mixture of autoclaved 12.6 g L−1 di-potassium
hydrogen phosphate, 3.6 g L−1, potassium di-hydrogen phosphate, 0.9 g L−1, tri-sodium
citrate 1.8 g L−1 ammonium sulphate and 300 g L−1 glycerol combined with a litre sterilised
solution of 1.8 g L−1 magnesium sulphate [49]. In preparation for the cleaning assays,
cultures of E. coli were prepared by inoculating E. coli onto Tryptone soya agar (TSA),
at 37 ◦C overnight. A single colony of E. coli was inoculated into 10 mL of Tryptone
soya broth (TSB) and incubated at 37 ◦C overnight. One hundred microlitres of overnight
culture was inoculated into 100 mL TSB and incubated at 37 ◦C for 18 h with shaking
(200 rpm). Following incubation, the bacterial cells were harvested by centrifuging at
1721× g for 10 min, washed once, and re-suspended in sterile distilled water using a vortex
mixer for 30 s. The suspension was centrifuged at 1721× g for 10 min and the cells were
resuspended to an optical density (OD) of 1.0 (±0.1) at 540 nm in sterile distilled water.
This corresponded to ca. 1.88 ± 0.22 × 108 CFU mL−1.

2.6. Meat Exudates

The production of meat exudates was adapted [50]. Commercially available, fresh
rolled beef brisket was cut into 10 mm × 10 mm pieces, placed in a stainless steel tray
and covered in aluminium foil. The meat was covered by another stainless steel tray and
weighed down with 8.4 kg of stainless steel sheets and frozen at −20 ◦C for 24 h. The diced
meat pieces were defrosted at room temperature, and the meat exudate produced was
collected and stored at −20 ◦C until use.

2.7. Cleaning Assays

The substrata were inoculated with a bacterial/meat exudate mixture and dried in a
microbiological class 2 cabinet. For the bacterial/meat exudate mixture, 100 µL of bacteria
and 100 µL of meat exudate was placed into an Eppendorf tube, vortexed for 5 s and 10 µL
of the preparation was pipetted onto the substratum, spread across the surface with a
sterile plastic spreader, and dried in a class 2 flow hood at room temperature. A crockmeter
was used for the wipe clean method to ensure that each wipe across the stainless steel
surface was standardised. The substrata were placed on the steel specimen stage and a
45 mm × 45 mm piece of blue wipe cloth was folded and attached to the 16 mm diameter
test finger. Sterile distilled water (1 mL) was pipetted onto the cloth and the hand crank
was turned to simulate one wipe. The wipe cycles compromised one, five, or ten repeats.
Following each cleaning cycle, the substrata were dried for 2 h in a class 2 microbiological
cabinet. Three replicates were taken at each cleaning cycle point for each surface, and for
each direction of clean (along or perpendicular to the linear features).

Following the cleaning assays, the percentage coverage of the bacteria and meat extract
retained on the surfaces per field of view was analysed following differential staining and
epifluorescence microscopy.

2.8. Preparation of Stains

[9-(2-carboxyphenyl)-6-diethylamino-3-xanthenylidene]-diethylammonium chloride
(Rhodamine B) was prepared as a stock solution of 0.1 g mL−1 in ethanol (absolute) and
used at a working concentration of 0.1 mg mL−1. 4′, 6-diamidino-2-phenylindole (DAPI)
was prepared as a stock solution of 0.3 g mL−1 in sterile distilled water and used at a
working concentration of 0.1 mg mL−1. Prior to use, the stains were refrigerated (4 ◦C) and
stored in a dark environment.

2.9. Differential Staining of Meat Exudate and E. coli

A dual staining procedure was conducted as described previously [51]. Ten microlitres
of DAPI was added to the samples and spread across the surface using a sterile plastic
spreader to detect the bacteria and then 10 µL of Rhodamine B was applied to the substrate
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in the same manner to detect the retained meat extract [51]. Following staining, the samples
were dried in the dark at room temperature in a microbiological class 2 flow hood.

The samples were viewed, and images obtained using an epifluorescence microscope
with black and white digital camera and a Cell F Image Analysis package to measure the
percentage coverage of the area of the stained material and to determine the percentage
surface coverage of the bacteria and organic material. A filter wavelength of 330–380 nm
was used to detect the DAPI stained cells, and a 590–650 nm filter was used to detect the
Rhodamine B stained organic material. The retained material on the surfaces was measured
using percentage coverage of the field size for randomly selected areas across the test
substratum. Each of the three samples had 15 areas independently selected and analysed
for the percentage coverage of bacteria and meat extract (n = 45).

2.10. Statistical Analysis

Statistical analysis was conducted by performing two-way ANOVA coupled with
Tukey’s multiple comparison tests for post hoc analysis using GraphPad Prism (version
8.4.2; GraphPad Software, San Diego, CA, USA) to determine significant differences at a
confidence level of 95% (p < 0.05). Error bars represent the standard error of the mean.
Asterisks denote significance, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, and **** p ≤ 0.0001.

3. Results

Three surfaces were prepared to determine the effect of a linear surface topography
(irregular and regular), and defined surface chemistry (stainless steel and titanium) on the
removal of bacterial and meat exudate using a wipe clean assay. Atomic force microscopy
(AFM) of the fine polished stainless steel (FPSS), titanium coated fine polished stainless steel
(TiFP), and the regular linear featured titanium coated surface (RG) revealed that the surface
features of the FPSS and TIFP surfaces demonstrated irregular, linear topographies. The Z
height of the TiFP surface (Figure 1b) was higher than the FPSS surface (0.338 ± 0.017 µm
and 0.284 ± 0.014 µm, respectively) (Figure 1a). Regular linear features were evident on
the titanium coated surface (RG) and the z height of the titanium coated regular surface
was 0.420 ± 0.021 µm. The FPSS demonstrated valley widths of ~1 µm to 5 µm, whilst
the TiFP demonstrated valley demonstrated valley widths of ~0.5 µm to 5 µm. The RG
surface demonstrated valley widths of 1.02 µm. The contact angles of the three surfaces
were 82 ± 3◦, 84 ± 4.5◦, and 91 ± 3.7◦ for the FPSS, TiFP and RG surfaces, respectively, and
this indicated that the FPSS and TiFP were marginally more wettable than the RG surface.

The percentage coverage of the bacteria on the surfaces following initial fouling of
the substrata before cleaning demonstrated that cells were retained in significantly higher
amounts of bacteria on the FPSS (15.86%) or TiFP (18.52%) compared to the linear finished
RG surface (0.81%) (p < 0.0001) (Figure 2).

Following one clean, fouling of the surfaces with different features and chemistries
(FPSS, TiFP, RG), the amount of bacteria when cleaned along the linear features was
significantly reduced (FPSS 6.98%; TiFP 1.91%; RG 0.17%) (p < 0.0001) (Figure 2a), whereas
following one clean in the direction perpendicular to the linear features, there was only a
significant difference in the amount of cells removed from the FPSS and RG surfaces (FPSS
5.49%; TiFP 1.51%; RG 0.21%) (p > 0.05) (Figure 2b). After five or 10 cleans, there was no
significant difference in the amount of bacteria retained when the surfaces was cleaned
along or perpendicular to the surface features (FPSS 6.98%, 5.49%; TiFP 1.91%, 1.51%; RG
0.17%, 0.21%) (p > 0.05). Overall removal of the cells from the surfaces in the direction of
the linear features or perpendicular to the linear features demonstrated the same trend
whereby the FPSS surface retained more bacteria than the TiFP surface, and the lowest
amounts of bacteria was retained on the RG surface (Figure 2a,b).
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Figure 1. Atomic force microscopy (AFM) demonstrating the (a) fine polished stainless steel (FPSS), (b) titanium-coated fine
polished stainless steel (TiFP), and (c) titanium coated regular linear featured surface (RG) (n = 15).

Detection of the meat exudate on the surfaces following the initial application demon-
strated no significant differences in the amount of conditioning film retained on the different
surfaces (FPSS, 76.2%; TiFP, 76.67% and RG, 83.20%) (p > 0.05) (Figure 3). The meat exudate
was increasingly removed from the surfaces with increased number of cleans and this was
evident for all surface types (Figure 3a,b). Following one and five cleans, there was a signif-
icant difference in the amount of meat exudate removed from the surfaces when cleaned
along the linear features (p < 0.0001) and perpendicular to the linear features (p > 0.05).
There was no significant difference in the amount of meat exudate retained on the different
surfaces after ten cleans along (FPSS 1.4%, TiFP 0.7%, RG 0.9%), or perpendicular to (FPSS
3.6%, TiFP 1.5%, RG, 1.6%) the linear features (p > 0.05). However, when cleaned along the
linear surface features, the overall trend was that most of the meat exudate was retained on
the FPSS > TiFP > RG surface demonstrating the same trend as the removal of cells. When
cleaned in the direction perpendicular to the linear features, the amount of meat exudate
retained on the surfaces did not follow the same trend (one clean, FPSS > TiFP > RG; five
cleans, TiFP > FPSS > RG; ten cleans, FPSS > RG > TiFP).
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Figure 2. Percentage coverage bacteria retained on fine polished stainless steel (FPSS), titanium
polished stainless steel (TiFP) and the regular linear featured titanium coated surface (RG) surface
following 0, 1, 5 and 10 cleans (A) along the direction and (B) perpendicular to the surface features
(n = 45). Asterisks denote significance, * p ≤ 0.05, ** p ≤ 0.01 and **** p ≤ 0.0001.
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Figure 3. Percentage coverage of meat exudate retained on fine polished stainless steel (FPSS),
titanium polished stainless steel (TiFP) and the regular linear featured titanium coated surface (RG)
surface following 0, 1, 5 and 10 cleans (A) along the direction and (B) perpendicular to the surface
features (n = 45). Asterisks denote significance, * p ≤ 0.05, ** p ≤ 0.01 and **** p ≤ 0.0001.

The amount of bacteria and meat exudate removed from the surfaces following
cleaning along linear features compared to cleaning in a perpendicular direction to the
linear features, demonstrated that there was no significant difference (p > 0.05) in the
removal of cells (with the exception five cleans on the FPTi). However, the meat exudate
demonstrated a different trend whereby by ten cleans, the meat exudate was significantly
more removed when the surfaces were cleaned in the direction along the surface features
(p < 0.05). This result may have occurred due to the size of the bacterial cells and organic
components of the meat exudate with respect to the size of the surface features (Figure 4).
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Figure 5. Schematic demonstrating how (a,b) the size of the bacteria (cylindrical) and (c,d) meat exudate (circles) influenced
the efficacy of cleaning in the (a,c) direction of cleaning along the linear surface features or (b,d) in a direction perpendicular
to the surface features.

A schematic representation of the bacteria retained, and the effect of the surface
topography was produced. The bacteria were initially retained in higher amounts on the
irregularly polished surfaces (FPSS and TiSS) being entrapped in the irregular surface
features (Figure 6a). However, on the surfaces with regular surface features, the bacteria
sat on the top, rather than inside the surface features (Figure 6b). This resulted in a lower
binding of the bacteria on the surfaces and less bacterial retention.

Figure 6. The bacteria retained on the surfaces were bound in the highest amounts on the surfaces
with (a) irregular topographies rather than on (b) topographically regular surfaces.

4. Discussion

Product contact surfaces may contaminate meat products directly with microbial
or organic material contaminants [23]. The properties of a surface play a pivotal role in
bacterial and organic material retention, but nevertheless, the way in which the substrata
can mediate such binding remains unclear [28,52,53].
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The surfaces with regular surface topographies demonstrated clearly defined features
or regular size, shape, depth, and periodicity. However, surfaces with irregular topogra-
phies, such at the fine polished stainless steel (FPSS) and the titanium coated fine polished
stainless steel (TiFP), contained features of different sizes with irregular frequencies, which
dependent on their size may contribute to increased or decreased bacterial binding. In this
study, more cells were retained initially on the topographically irregular surfaces, which
suggests that these irregular features enhanced the bacterial cell: surface interaction. The
amount of bacteria retained on the irregular surface features was higher following the ini-
tial inoculation and cleans. In agreement with these findings, micropatterned topography
films were utilised to determine the attachment and survival of Escherichia coli and Listeria
innocua and it was demonstrated that initial bacteria attachment to the micro-pattern to-
pography films were significantly lower in the short term [41]. In addition, after incubation
with a methicillin-resistant Staphylococcus pseudintermedius, it was determined that bacterial
biofilms tended to form in crevices [54]. However, such findings were carried out using
retention and biofilm assays and were not subject to cleaning or physical forces.

Throughout this study, bacterial retention and meat exudate (e.g., the conditioning
film) was quantified via differential staining and epifluorescence microscopy. The samples
were prepared by adding DAPI and Rhodamine B directly to the surface and spread across
the surface and dried. Although it may be considered that the methodology used in the
staining method may affect the distribution of the retained material, previous studies in our
laboratories have demonstrated that this is not the case since the material retained is dried
onto the surface and is extremely well retained [51]. In addition, all the samples in this
study were prepared using the same method; any effect which may be due to the staining
process is negligible. In order for epifluorescence microscopy to be utilised effectively,
samples must be prepared in a consistent manner, as was the case in this study [55].

Surfaces with features of microbial dimensions similar to those of microbial cells have
been shown to promote bacterial binding, whilst the morphology of the bacterial cell can
also influence such mechanisms [37,38]. All the surfaces used in this study contained surface
topographies with microbial dimensions. The findings in this research demonstrated that
surfaces with periodically regular dimensions decreased bacterial retention regardless
of the direction of clean and removed the greatest amount of meat exudate following
cleaning along the linear surface features. Although features of microbial decisions may
readily retain bacteria, when a physical force is applied, it may be that the shape of the
topographical feature is of importance, with the periodic regularity of the surface combined
with the cell size enabling the bacteria to be easily rolled across the surface. Thus, in
the context of cleaning, surface with regular topographies may enhance surface hygiene
following cleaning procedures.

In addition to the surface topography, the surface chemistry may affect bacterial reten-
tion. The results demonstrated that the bacteria and meat exudate were retained in lower
amounts and coverage on the titanium surfaces. In agreement with our findings, Jeyachan-
dran et al. (2007) demonstrated that a titanium oxide film retained fewer bacteria than
other materials [56]. Furthermore, Ma et al. (2008) demonstrated that the heterogeneous
chemistry of a surface may provide specific contact points for bacterial retention; such
points may be found on stainless steel surfaces [43]. Hence, the more homogeneous surface
chemistry of the titanium coating may have resulted in a reduced number of chemically
different sites, resulting in lowered bacterial and meat exudate retention. Surface wettabil-
ity can interact with other surface parameters, resulting in preferential or disadvantageous
bacterial retention [57,58]. In the current study, the FPSS and the TiFP surfaces were more
wettable than the RG surfaces. However, the bacteria and meat extract were deposited
directly onto the surfaces and hence the physicochemical effects may have been negated.

The processing of meat products results in high level of organic material remaining
on food contact surfaces which conditions the underlying substrata, and it is onto the
proteinaceous conditioning film to which the bacteria become retained [9,27]. It has been
demonstrated that the attachment of Pseudomonas fragi to beef resulted in the bacteria
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becoming entrapped within the collagen fibres of the raw meat [59]. It has been suggested
that contamination of the meat product by bacteria could be transferred to a surface,
therefore thorough cleaning of surfaces and meat residues during meat production is
critical to reduce the bacterial load [60]. The results from this study demonstrated that all
the surfaces retained similar levels of meat extract initially, but following cleaning, the meat
exudate was more difficult to remove from the surfaces with the irregular topographies.
When the surfaces were cleaned in the direction along the surface features, the meat
exudate was also easier to remove from the titanium coated regular surface (RG) than
the titanium coated irregular surface (TiFP) or the stainless steel (FPSS). However, a clear
trend on the effect of the surface properties, on the amount of meat exudate removal was
not demonstrated when the surfaces were cleaned perpendicular to the linear features.
Although only small amounts of organic material were retained, the difference in the
trends in the effects of the surfaces properties on meat exudate retention may be due to
the composition of the meat exudate, which will consist of much smaller molecules than
the bacterial cells. It may be that although the bacteria can be removed by the physical
force due to their larger size, the smaller organic molecules can only be pushed out of the
linear features when cleaned in the direction along the linear features, as this will offer little
resistance. In contrast, when the cleaning action is perpendicular to the surface features,
the organic material is pushed against the wall of the surface feature where it becomes
retained. This may explain the differences observed in the results.

By ten cleans, the surfaces demonstrated similar amounts of bacteria and meat exudate
retained on the surfaces. One of the reasons for this is that a key component of the meat
exudate is protein [50]. Protein adsorption on surfaces is a major issue in the food industry
and the adsorption of proteins onto surfaces is a complex phenomenon influenced by
many factors [61,62]. Protein adsorption to a surface occurs due to a range of forces and
will continue until a state of equilibrium occurs [63]. It may be that as the number of cleans
increased a state of equilibrium of the protein binding that occurred on the surfaces, masking
the original surface properties, albeit at levels of concentrations below the detection limits of
the analyses used in this study. This would effectively make the surfaces similar in terms of
their characteristics.

The fouling of surfaces with proteins derived from organic foulants such as meat
exudates can change the properties of a surface. A recent study conducted by Slate et al.
(2019) demonstrated that the surface properties of Ti-ZrN/Ag became more hydrophilic
with greater anti-adhesive properties following the introduction of a conditioning film [15].
Furthermore, the presence of a conditioning film may alter the properties of the bacterial
cells themselves. When Staphylococcus spp. was exposed to a 10% solution of bovine serum
albumin (BSA), the bacteria were demonstrated to have a reduction in their hydrophobicity
and their propensity to donate electrons [64]. A linear correlation between the negative
charge on the bacterial cell surface and the initial attachment to beef lean muscle and fat
tissue has also been reported [65]. Such differences in the surface and bacterial properties
will influence the interactions between the cell:organic material and the interface.

Standard operating procedures, which include regular cleaning, are used in the food
industry to eliminate foodborne pathogens and to reduce contamination, yet despite such
measures, surface contamination in food processing facilities still occurs [65]. A funda-
mental understanding of bacterial attachment to meat surfaces should be the basis for the
development of procedures for physical removal of microorganisms that contaminate meat
surfaces [11]. The determination of the removal of bacteria in the presence of meat exudate
is important since although pathogens have been demonstrated to be easily destroyed
by commercial sanitizers in water, the presence of organic matter may significantly affect
the function of sanitizers [27,66]. A key aspect of this work is the uneven distribution
of fouling across the surface. When surfaces are tested in pristine condition, this allows
for easily comparative data between laboratories. However, such methodology although
comparable, does not reflect a true environmental situation. The uneven distribution of the
conditioning film across the surface demonstrates that the surface in a real environment
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will be subjected to very different material-biological interface interactions than occur
when a pristine surface is used in such studies. Hence, the use of such organic material in
surface-biological interactions is imperative to understand such systems.

The results from our work demonstrated that repeated cleaning of the surfaces resulted
in residual organic fouling. When meat processing plants were sampled for biofilms by
placing stainless steel and cast iron chips in or on floor drains and food contact areas, it
was found that biofilms were formed on the drain samples but were not formed on chips
placed on food contact surfaces [67]. Gibson et al. (1999) found that bacterial attachment to
surfaces in the food processing environment readily occurred; however, extensive surface
colonization and biofilm formation only occurred on environmental surfaces that were
not regularly cleaned [23]. In addition, surfaces that were not cleaned daily, resulted in
the occurrence of biofilm formation; the bacteria established in a biofilm could not be
eradicated by using one single treatment or one single detergent or disinfectant, and the
most effective cleaning methods were shown to require scrubbing of the surfaces [68]. With
specific regards to a wipe clean, Lopez et al. (2015) showed that using a disinfectant-wipe
intervention to clean a contaminated work area that was used in the preparation of chicken
fillets decreased the exposure to Campylobacter jejuni by 2 to 3 orders of magnitude [69].
Hence, understanding the physical actions of cleaning systems is an important factor in
the maintenance of hygienic systems. The cleaning process throughout the food industry
is in debate over the best methods, equipment, monitoring, frequency, benchmarks, and
standards to be used [70]. Thus, it is important to understand the effects that surface
properties have on the cleaning efficacy of the substrata.

5. Conclusions

This work demonstrated that more bacteria were retained in higher amounts, initially
on the stainless steel (FPSS) and titanium coated surfaces with the irregular topographies
(TiFP). With subsequent cleaning, the amount of bacteria decreased and was most easily
removed from the surfaces that had regular surface features and/or were titanium coated.
The direction of cleaning (along or perpendicular to the linear features of the surface) did
not have an effect on the amount of bacteria but did affect the amount of meat exudate
retained whereby surfaces cleaned along the linear features removed more organic material.
After ten cleans, the bacteria and meat exudate retained on the surfaces was not significantly
different and suggested that a steady state of the surface properties had been reached. This
study highlights the importance of surface properties and cleaning method selection to
be utilised within the meat production industry to reduce microbial contamination and
surface biofouling.
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Abstract: Consumption of cereals and cereal-based products represents 47% of the total food energy
intake in Cape Verde. However, cereals also contribute to dietary exposure to metals that may pose a
risk. Strengthening food security and providing nutritional information is a high-priority challenge
for the Cape Verde government. In this study, toxic metal content (Cr, Ni, Sr, Al, Cd, and Pb) is
determined in 126 samples of cereals and derivatives (rice, corn, wheat, corn flour, wheat flour, corn
gofio) consumed in Cape Verde. Wheat flour samples stand out, with the highest Sr (1.60 mg/kg),
Ni (0.25 mg/kg) and Cr (0.13 mg/kg) levels. While the consumption of 100 g/day of wheat would
contribute to 13.2% of the tolerable daily intake (TDI) of Ni, a consumption of 100 g/day of wheat
flour would contribute to 8.18% of the tolerable weekly intake (TWI) of Cd. Results show relevant
Al levels (1.17–13.4 mg/kg), with the highest level observed in corn gofio. The mean Pb average
content in cereals is 0.03–0.08 mg/kg, with the highest level observed in corn gofio. Al and Pb levels
are lower in cereals without husks. Without being a health risk, the consumption of 100 g/day of
wheat contributes to 17.5% of the European benchmark doses lower confidence limit (BMDL) of Pb
for nephrotoxic effects; the consumption of 100 g/day of corn gofio provides an intake of 1.34 mg
Al/day (13.7% of the TWI) and 8 µg Pb/day (20% of the BMDL for nephrotoxic effects). A strategy to
minimize the dietary exposure of the Cape Verdean population to toxic metals from cereals should
consider the continuous monitoring of imported cereals on arrival in Cape Verde, the assessment of
the population’s total diet exposure to toxic metals and educational campaigns.

Keywords: Cape Verde; cereals; metals; dietary intake; risk assessment

1. Introduction

The Macaronesian region consists of a collection of four volcanic archipelagos in the
North Atlantic Ocean (Cape Verde, Azores and Madeira in Portugal and the Canaries
in Spain). The four archipelagos share features such as a volcanic origin, a contrasting
landscape, a gentle climate and a particularly rich biodiversity. The archipelago of Cape
Verde is located on the West African coast, 500 km from Senegal, and comprises ten
islands, nine of which are inhabited and one of which is uninhabited. The population of
the island of Santiago is approximately 260,000 inhabitants, while that of São Vicente is
76,000. The Cape Verdean diet is characterized by the consumption of significant amounts
of cereals and cereal-based products. According to the preliminary results of the 2015
Ínquérito Ás Despesase e Receitas Familiares (IDRF), the ingestion of cereals occupies
the highest annual per capita consumption expenditure (about 11,611$) compared to

313



Int. J. Environ. Res. Public Health 2021, 18, 3833

other food products consumed. However, internal cereal production satisfies only 6.9%
of the population’s consumption needs, contributing to the highly vulnerable state of
the country regarding food security. Food security in Cape Verde is also affected by
agroclimatic variations and external market fluctuations. National cereal production in
2019 was estimated at about 1000 tons, almost 70% below the mean average of the previous
five years [1]. Therefore, about 85% of the domestic cereal demand (mostly rice and
wheat for human consumption) was covered by imports. The cereal import requirements
in the 2019/2020 marketing year (November to October) were forecasted at an above-
average level of 87,000 tons [1]. From 2016 to 2020, the cereal imports reached a total of
419,749.30 tons, with an emphasis on corn (159,979.30 tons), rice (144,799.33 tons) and wheat
grain (91,623.39 tons). The market supply of cereals stems both from food aid through
cooperative relations with development partners and through commercial imports [2].
Current domestic corn production does not meet the internal demand, and so the cereal
must be imported for food and fodder [3]. Moreover, the main drivers of food insecurity
in Cape Verde are the effects of dry weather events (such as drought) and pest attacks on
cereal and fodder production [1]. As mentioned above, food insecurity in Cape Verde has a
structural and multifactorial nature: It demonstrates a structural deficit in national food
production, strong dependence on the international market and economic accessibility
weaknesses. Strengthening the Food Security and Nutrition Information System (FSNIS) is
an important challenge for the Cape Verde government [4].

According to the Food and Agriculture Organization (FAO), in 2017, about 13% of
the population was undernourished. The data available indicate that 20% of rural families
lived in a situation of food insecurity, with 13% in a moderate position and 7% in a
severe position [2]. Cape Verde is in a nutritional transition period characterized both
by the high consumption of fat, refined carbohydrates, cholesterol and sugar, and by the
low consumption of fruit and vegetables, causing a rapid and significant increase in the
prevalence of being overweight and obese [5]. However, the consumption of cereals and
cereal-based products is still relevant, representing 47% of the total food energy intake. In
Cape Verde, the cereal balance for 2002/2003 estimated a cereal consumption of 242 kg/year
per person, comprising 123 kg of corn (337 g/day), 67 kg of rice (184 g/day) and 52 kg of
wheat (142 g/day).

Although the nutritional value of cereals is noteworthy, cereals may also contain
elements that are harmful to health [6,7], as is the case with elements such as Al, Cd,
Cr, Ni, Pb and Sr. Each of these elements has standards of tolerable daily/weekly intake
(TDI/TWI) and/or benchmark dose (lower confidence limit) (BMDL) levels set by reference
bodies in food safety, such as the European Food Safety Authority (EFSA) and the World
Health Organization (WHO) (Table 1).

Table 1. Reference intakes of the analyzed elements.

Element Parameter Guideline Value References

Cr (III)
TDI

0.3 mg/kg bw/day [8]
Ni 13 µg/kg bw/day [9]
Sr 0.13 mg/kg bw/day [10]
Al

TWI
1 mg/kg bw/week [11]

Cd 2.5 µg/kg bw/week [12]

Pb BMDL 0.63 1 µg/kg bw/day
1.50 2 µg/kg bw/day

[13]

TDI, tolerable daily intake; TWI, tolerable weekly intake; BMDL, benchmark dose level; bw, body weight;
Nephrotoxicity 1 and Cardiovascular effects 2.

Al is a neurotoxic metal with no function in the human body [14]. Prolonged exposure
to Al is related to neurodegenerative diseases such as Alzheimer’s, and the estimation of its
dietary exposure is the subject of previous studies [15–17]. In 2008, the EFSA estimated the
dietary intake of Al in the European population to be 0.2–1.5 mg/kg of body weight per
week for an adult weighing 60 kg, and concluded that cereals and cereal derivatives are
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among the main foods that contribute to Al dietary intake [18]. In 2010, González-Weller
estimated the total intake of Al in the Canary Islands to be 10.171 mg/day [15].

Cd is a toxic element with a long half-life and a tendency to bioaccumulate [19].
Its presence in cultivation soils favors its transfer to and accumulation in cereals [20].
Known to compete in the body with other essential divalent cations, it affects the renal
system, causing irreversible damage to the renal tubules [21,22]. In 2006, Rubio et al. [23]
assessed dietary exposure to Cd in the Macaronesian archipelago of the Canary Islands,
estimating the intake of Cd from cereals at 1.065 µg/day, and identifying cereals as one of
the food categories contributing the most to the dietary intake of Cd. In 2012, the EFSA
also identified cereals as one of the food categories that contributes most to the dietary
intake of Cd in the European population [24].

Cr is mainly found in the trivalent ion form in food. Although oral Cr (III) is not
particularly toxic [25], high intakes of Cr can trigger chronic kidney failure, dermatitis,
bronchitis and asthma [26,27]. While cereals were found to contribute most to the dietary
intake of Cr (0.087 mg/day) in the Canary Islands archipelago [28] compared to other
food categories, a study by Filippini et al. [29] concluded that beverages, cereals and meat
provided the highest dietary contributions of Cr in a northern Italian population.

Ni is essential for plants [30], and grains and grain-based products are considered
the most important contributors to Ni exposure in the European diet, even though Ni
is only regulated in drinking water and not in other food groups [9]. Individuals with
hypersensitivity to Ni or with kidney disease are susceptible to damage from a high dietary
intake of Ni [26].

Sr is an element that is found in food; however, there are no reported cases of food
poisoning from Sr to date. Nevertheless, Sr competes with essential elements such as phos-
phorus [31], and recent studies in experimental animals reported hepatotoxic effects associated
with Sr [32]. The total intake of Sr in the Canary Islands archipelago was estimated at 1.923
mg/day, and cereal intake was estimated at 1.276 ± 0.711 mg/kg w.w. [28].

Pb is a neurotoxic metal that accumulates in the body, causing serious damage to the
central nervous system (CNS) as well as contributing to kidney disease, gastrointestinal
tract disorders and Alzheimer’s [13]. Pb traces can be found in large quantities in food and
drinking water [33,34], especially in fruits, vegetables and cereals due to the deposit of Pb
particles from the atmosphere. Bread and rolls (8.5%), tea (6.2%) and tap water (6.1%) are
among the food categories found to contribute to high Pb exposure in Europe [35]. While
Pb intake of the Canarian population was estimated at 72.8 µg/day in 2005 [33], in 2012,
mean lifetime dietary exposure in the European population was estimated at 0.68 µg/kg
b.w. per day based on middle bound mean lead occurrence [35].

Food risk surveillance and food safety strategies encourage the monitoring of metal in
each of the food groups consumed by different populations. The aims of the present study
are to determine the levels of Al, Cd, Cr, Ni, Pb or Sr in commonly consumed cereals and
cereal-based products in the Cape Verde islands, and to assess their subsequent risk.

2. Material and Methods
2.1. Samples

A total of 126 samples of cereals (rice, corn and wheat) and cereal-based products
(corn flour, wheat flour and corn gofio) (Table 2) that are marketed and consumed in Cape
Verde were acquired from two different islands of the Cape Verde archipelago, specifically,
Santiago and São Vicente (Figure 1). Gofio is a traditional artisan food derived from cereals,
mainly corn, that is made by first roasting the cereal in its husk and then grinding it until a
powder similar to flour is obtained [36–38].
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Table 2. Analyzed cereal and derived product samples.

Type No. Samples Sampling Location Origin

Rice
56 Santiago Brazil, Vietnam, Thailand, Japan, USA (California),

Cape Verde (Mindelo), Pakistan5 São Vicente

Corn gofio 6 Santiago
Unknown1 São Vicente

Corn flour
10 Santiago Portugal, The Netherlands
1 São Vicente

Wheat flour
17 Santiago Portugal, France
2 São Vicente

Corn
13 Santiago Argentina, France, Russia, South America
2 São Vicente

Wheat
2 Santiago Russia, France, Cape Verde (Mindelo), Spain

11 São Vicente
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Sampling took place from 2017 to 2019 at establishments that import and sell cereal on
the Santiago and São Vicente islands. Because most of the samples were not commercialized
in packages, but instead, were mainly sold by weight in local markets, it was not possible
to obtain the origin of each individual sample. Nevertheless, according to Entidade
Regulatora Independiente da Saúde (ERIS) from Cape Verde, the origins of the cereal
samples distributed in Cape Verde are diverse (Table 2).

2.2. Sample Treatment

One gram of each sample was added to pressure vessels (HVT50, Anton Paar, Graz,
Austria) previously washed with laboratory detergent and Milli-Q quality distilled water.
Then, 4 mL 65% nitric acid (Sigma Aldrich, Darmstadt, Germany) and 2 mL hydrogen
peroxide (Sigma Aldrich, Darmstadt, Germany) were added to the samples. The pressure
vessels were closed and placed in a microwave oven (Multiwave Go Plus, Anton Paar, Graz,
Austria) for subsequent digestion according to the conditions described in Table 3. After
the samples were digested, they were transferred to 10 mL volumetric flasks and made up
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with Milli-Q quality distilled water. Finally, they were transferred to airtight jars with a lid
for later measurement.

Table 3. Microwave digestion process instrumental conditions.

No. Ramp (min) Temperature (◦C) Time (min)

1 15 50 5
2 5 60 4
3 5 70 3
4 3 90 2
5 20 180 10

Microwave processing power: 850 W; Limit temperature: 200 ◦C; Cooling temperature: 50 ◦C.

2.3. Analytical Method

The determination of metal content was conducted by Inductively Coupled Plasma
Atomic Emission Spectrometry (ICP-OES) model ICAP 6300 Duo Thermo Scientific (Waltham,
MA, USA), with an Auto Sampler automatic sampler (CETAX model ASX-520).

The instrumental conditions of the method comprised the following: RF power of
1150 W; gas flow (nebulizer gas flow, make up gas flow) of 0.5 L/min; injection of the sample
to the 50-rpm flow pump; stabilization time of zero s [39,40]. Instrumental wavelengths
(nm) of the analyzed elements were Al (167.0), Cd (226.5), Cr (267.7), Ni (231.6), Pb (220.3)
and Sr (407.7).

The quantification limits of the toxic metals, calculated as ten times the standard
deviation (SD) resulting from the analysis of 15 targets under reproducibility conditions [41],
were: 0.012 mg/L (Al), 0.001 mg/L (Cd), 0.008 mg/L (Co), 0.003 mg/L (Ni), 0.001 mg/L
(Pb) and 0.003 mg/L (Sr).

The quality control of the method (Table 4) was based on the recovery percentage
obtained with reference material (SRM 1515 Apple Leaves, SRM 1548a Typical Diet, SRM
1567a Wheat Flour) under reproducible conditions. The recovery percentages obtained
with the reference material were above 94% in all cases. The statistical analysis did not
detect significant differences (p < 0.05) between the certified concentrations and the concen-
trations obtained.

Table 4. Recovery study results and reference materials used.

Metal Material Concentration Found (mg/kg) Certified Concentration (mg/kg) R (%)

Al
SRM 1515 Apple Leaves

286 ± 9 285.1 ± 26 99.7
Sr 25.0 ± 2.0 24.6 ± 4.0 98.3
Cr 0.29 ± 0.03 0.30 ± 0.00 97.8
Ni SRM 1548a Typical Diet 0.37 ± 0.02 0.38 ± 0.04 102.3
Pb 0.044 ± 0.000 0.044 ± 0.013 98.9
Cd SRM 1567a Wheat Flour 0.026 ± 0.002 0.026 ± 0.008 98.4

2.4. Statistical Analysis

The IBM Statistics SPSS 24.0 computer software for Windows was used for statistical
analysis. Two studies were conducted in order to check the significance of the differences
(p < 0.05) in the metal contents both between cereals and derived product types and between
locations. Kolmogorov-Smirnov and Shapiro-Wilk tests were used to check normality, and
Levene’s test was applied to check the homogeneity of the variances based on the mean,
median and trimmed mean. Data followed a non-normal distribution, and consequently,
the Kruskal-Wallis nonparametric test was applied [42]. A one-way study was conducted
with the fixed factor “Cereal type” and six levels of variation: rice, corn gofio, corn flour, wheat
flour, corn, wheat. The Mann-Whitney test was also conducted (95% confidence interval) to
determine significant differences in the concentrations of elements according to the cereal
type or product. Another one-way study was conducted with the fixed factor “Location”
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and two levels of variation: Santiago, São Vicente. Finally, another Mann-Whitney test was
used, and 166 data were analyzed with a 95% confidence interval.

2.5. Calculation of Dietary Intake

The assessment of dietary exposure was based on the calculation of the estimated
daily intake (EDI) and the subsequent obtained percentage contribution to the reference
value (TDI for Cr, Ni and Sr; TWI for Al and Cd; BMDL for Pb) of each of the metals under
study (Table 1).

EDI (mg/day) = Mean consumption (kg/day) × Element concentration (mg/kg fresh weight)

Contribution (%) = [EDI/Reference value] × 100

3. Results and Discussion

Figure 2 shows box plots with the mean concentrations (mg/kg fresh weight), standard
deviations (SD) and comparisons of the concentrations between the different cereals and
the derived products.
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Al was found in the highest concentrations in all analyzed cereal samples, most clearly
in corn gofio, where it reached a mean average concentration of 13.4 ± 12.7 mg/kg fresh
weight. This concentration differs significantly from the rest of the cereals (p < 0.05).
Liu et al. [43] concluded that cereal husks contain higher concentrations of metals than the
grain. Accordingly, the differences in the Al content recorded here in corn gofio may be due
to the use of the whole cereal, including the husk, in the manufacture of this corn-derived
product [35], which may explain the higher Al content. However, despite the toxicological
considerations of this neurotoxic element, current European legislation does not include
maximum levels of Al in food.
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The wheat flour samples are worth mentioning, as they presented the highest levels
of Sr (1.60 mg/kg fresh weight), Ni (0.25 mg/kg fresh weight) and Cr (0.13 mg/kg fresh
weight). The Second French Total Diet Study (TDS) had a mean level of Sr in breakfast
cereals of 0.842 mg/kg fresh weight [44]; this value was lower than the level obtained in
the wheat samples of the present study. In addition, Cubadda et al. [45] reported lower
Ni levels in flour and wheat (0.035 mg/kg) than those observed in this study. However,
Mathebula et al. [46] observed a mean Cr level in wheat of 2.629 mg/kg fresh weight,
higher than the mean level recorded in this study.

As observed for Sr, Ni and Cr, the wheat flour samples also presented the highest
mean concentration of Cd (0.02 ± 0.01 mg/kg fresh weight). Tejera et al. [47] recorded
mean Cd concentrations of 0.027 mg/kg fresh weight in wheat flour, values similar to those
recorded in the present study. However, regarding wheat grain, Škrbić et al. [48] observed
Cd levels in Serbian wheat of 2.4–252 µg/kg fresh weight, higher than those registered in
the wheat analyzed here (0.01 ± 0.01 mg/kg fresh weight).

As for Pb, the highest mean level was observed in the corn gofio samples, with a
mean concentration of 0.08 ± 0.05 mg/kg fresh weight. Furthermore, this concentration
may indicate that Pb tends to accumulate in the husk of cereals, since in cereal-based
products manufactured without the husk, the Pb levels were lower. A study conducted
by Bilo et al. [49] on rice and rice husks concluded that rice husks accumulated higher
concentrations of toxic metals than rice. This suggests that gofio, being a derivative
produced from whole-grain cereal, including the husk, may have higher Pb levels than
flours produced from dehusked cereal.

The statistical analysis showed significant differences (p < 0.05) in the Pb content
between wheat and the rest of the samples, in the Al content between the rice and wheat
samples and in the Sr and Ni content of the rice and corn samples when compared to the
wheat samples.

Figure 3 presents box plots with the mean concentrations (mg/kg fresh weight),
standard deviations (SD) and the comparisons of the concentrations between the sampling
locations. The samples from São Vicente presented the highest mean concentrations of
Al, Cd, Cr, Ni, Sr and Pb. Considering that these differences may be due to multiple
factors [48,50], it is suggested that in future risk-assessment studies, correlations between
metal levels and the origin of the imports are calculated. Minimizing the dietary exposure of
the Cape Verdean population to metals of toxicological relevance involves risk management
actions, including continuous monitoring of these metals in the different food commodities
upon arrival in Cape Verde, as well as importing higher-quality cereals that also have
lower concentrations of Al, Cd, Cr, Ni, Sr and Pb. In addition, cereals with higher levels
of metals, such as Pb and Al, should not be used for the manufacture of cereal-based
products containing the husk, but rather, should be used in the manufacture of flours after
being dehusked.

In Cape Verde, the cereal balance for 2002/2003 estimated a cereal consumption of
242 kg/year per person, made up of 123 kg maize (337 g/day), 67 kg rice (184 g/day)
and 52 kg wheat (142 g/day). However, since there are no additional current data on
the consumption habits of cereals and cereal-based products, the estimations here of the
dietary exposure (Estimated Daily Intake, EDI) of the Cape Verdean population to the
metals under study were performed using a mean ration of 100 g/day of each cereal and its
derivatives (Table 5). The European reference limits (Table 1) were used for the evaluation
of the EDI of the Cape Verde population. The TDI, TWI, and BMDL were used, along with
an estimated mean average weight of an adult individual of 68.48 kg (similar to that of the
Spanish population) [51].
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Thus, the consumption of 100 g/day of wheat represents a contribution percentage
of 13.2% to the TDI (tolerable daily intake) of Ni, i.e., 13 µg/kg bw/day. In the case of
sensitive individuals or people with kidney problems, a high intake of Ni may be a dietary
hazard and health risk [9]. The consumption of 100 g/day of wheat was found to provide a
contribution percentage of 17.5% of the European BMDL of Pb set at 0.63 µg/kg bw/day for
nephrotoxic effects [13]. This percentage may represent a relevant contribution to the total
intake of Pb with the consequent risk to health. Similarly, the consumption of 100 g/day
(700 g/week) of corn gofio contributes 13.7% of the TWI (tolerable weekly intake) of Al set
in Europe at 1 mg/kg bw/week [11].

The Al levels detected in the corn gofio differed between the Santiago and Sào Vicente
islands; in the case of Sào Vicente (39 mg Al/kg fresh weight), the consumption of 100 g/day
with an Al content of 39 mg/kg fresh weight would mean an intake of 3.9 mg Al/day from
this food alone, i.e., almost 39.9% of the TWI for Al.

Assuming that food risk management needs to be accompanied by a communication
plan, the authors believe that the nutritional re-education campaigns and actions provided
in the PERVEMAC2 Project could contribute to communicating and disseminating this
knowledge to the Cape Verdean population, risk managers and policy regulators. Previous
studies carried out in Cape Verde [52] have pointed to the success of involving women in
health promotion because of their decision-making power; their multidimensional role in
purchasing, processing and preparing food as the pillar of familial food security; and their
contribution via nonformal economic activities for their families. Focus group discussions
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and intensive fieldwork reinforced the higher participation of residents in the informal unit
and women in all stages, suggesting the practicability of health-promotion campaigns; this
work also showcases the potential of the social capital of the informal settlements and the
role of the woman in the family and society in Cape Verde [52].

4. Conclusions

In this study, the existence of significant differences in the content of elements an-
alyzed between different cereals is confirmed, which reaffirms the need for continuous
monitoring of both locally produced and imported cereals upon arrival in Cape Verde
as risk management and minimization strategies, while also continuing to monitor the
population’s total dietary exposure to toxic metals. Furthermore, cereals with higher levels
of metals such as Pb and Al should not be used with the husk for the manufacture of
cereal-based products, but rather, should be used in the manufacture of flours only after
removing the husk. In the case of Al, it would be advisable for the food safety authorities
to set a maximum limit for this element in cereals and cereal-based products, thus allowing
quality control and minimizing the population’s exposure to this neurotoxic element. The
evaluation of dietary exposure to the toxic metals studied here in cereals and their cereal-
based products should undoubtedly be complemented with future studies targeting other
groups of basic foods in the diet of the Cape Verde population.
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Abstract: In partnership with communities of the Williams Treaties First Nations in southern Ontario
(Canada), we describe an approach to work with communities, and highlight perspectives of food
security and sustainability, including priorities and opportunities to revitalize local food systems
as a pathway to food security and food sovereignty. The objectives of our project were: (1) to
build a shared understanding of food security and sustainability; and (2) to document community
priorities, challenges and opportunities to enhance local food access. Utilizing an Indigenous
methodology, the conversational method, within the framework of community-based participatory
research, formative work undertaken helped to conceptualize food security and sustainability from a
community perspective and solidify interests within the four participating communities to inform
community-led action planning. Knowledge generated from our project will inform development
of initiatives, programs or projects that promote sustainable food systems. The community-based
actions identified support a path towards holistic wellbeing and, ultimately, Indigenous peoples’
right to food security and food sovereignty.

Keywords: Indigenous health; food security; food sovereignty; food systems; sustainability; colonial-
ism; community-based; participatory

1. Introduction

Indigenous communities are increasingly driving the reclamation of traditional food
systems (the term, traditional food systems, has been described as all foods identified within
a particular culture that derive from local natural resources and includes sociocultural
meanings associated with acquisition and use of such foods) as a means to enhance food se-
curity, food sovereignty and to sustain traditional food practices [1–4]. Indigenous holistic
wellness has been supported by deep relations with the environment, including the natural
resources it provides such as food and water for generations [3,4]. In Canada, however, the
inequities faced by Indigenous peoples, tied to the loss of land, forced displacement from
traditional territories and the history of colonization, have threatened the resilience of In-
digenous food systems and impacted the right to food security and food sovereignty [1–6].
(Food sovereignty is the “right of peoples to healthy and culturally appropriate food produced
through ecologically sound and sustainable methods. It entails peoples’ right to participate in
decision making and define their own food, agriculture, livestock and fisheries systems” ([6]). The
traditions and cultural practices to acquire, grow or prepare food have consequently been
affected [1,4,7]. Challenges to ensuring food security have been further amplified by global
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climate change and environmental contamination of food systems, which have impacted
access to, and quality of, land, water, plants and animal resources [8–11]. In addition to
such processes that have threatened Indigenous food systems, rising costs of traditional
food acquisition activities and local food production, along with the introduction of west-
ernized food, has driven greater use of store-bought less nutritious food [12–14]. This
nutrition transition has been tied to obesity and diet-related chronic diseases: a nutritional
burden impacting Indigenous peoples worldwide [15–18].

In Canada, food insecurity has been felt most strongly by Indigenous peoples, rec-
ognized as First Nations, Inuit and Métis [12–21]. Food insecurity, an outcome and de-
terminant of health, can range from worry about having enough food to limited access
to, or reduced intake of, sufficient, safe, personally accepted, healthy food and even to
hunger [21–24]. First Nations households on-reserve (Crown land designated by Canadian
government for primary use of First Nations with registered Indian status [3]) in Ontario,
have experienced a rate of food insecurity (41.7%) far greater than reported provincial
household levels for the general population (11.6%) [24,25]. The extreme injustices exposed
by the disproportionate rates of food insecurity impacting First Nations households high-
light the need for community identified approaches to enhance food security in culturally
safe and relevant ways. Sustainable food systems are central to long-term food and nutri-
tion security [26] and extend beyond usual considerations for supportive economic, social
and environmental conditions [27] to encompass cultural integrity.

In partnership with communities of the Williams Treaties First Nations in southern
Ontario, Canada, we describe an approach to work with communities, and highlight
perspectives of food security and sustainability, including priorities and opportunities
to revitalize local food systems as a pathway to food security. Given the diverse chal-
lenges to food security described, momentum for the current work stemmed from broad
considerations for the ecological health of the Lake Simcoe watershed under the Lake
Simcoe Protection Plan and encompassed environment, climate change, agriculture and
human health (the Lake Simcoe Protection Plan is part of the Lake Simcoe Protection
Act, 2008, an Ontario government strategy to protect and restore the health of the Lake
Simcoe watershed). Importantly, protecting and honouring harvesting rights for food,
social and ceremonial purposes have long been recognized as essential to wellness by the
Williams Treaties First Nations communities. Hence, creating opportunities to enhance and
sustain local and traditional food access and knowledge has been identified as necessary to
improve food security. As such, this participatory formative work was initiated and driven
by communities to address food insecurity and enhance sustainability of food systems.

The objectives of our project were to: (1) build a shared understanding of food security
and sustainability; and (2) document community priorities, challenges and opportunities
to enhance local food access. The Williams Treaties First Nations, Cambium Indigenous
Professional Services, the Ontario Ministry of Food, Agriculture and Rural Affairs, and
the University of Waterloo coordinated and documented the process of data collection.
Through the participatory process, we hope the formative work will initiate community
capacity building and set the stage for further community-led action. The overall goal of
this participatory formative work, is to inform a pathway of community driven solutions
to strengthen food security and sustainable food systems, thereby promoting Indigenous
people’s right to food and holistic wellness.

2. Materials and Methods
2.1. Project Team and Guiding Principles: Indigenous Communities and Academic Partnership

A project advisory committee with liaisons within each of the four partnering commu-
nities was established to guide project activities. Respectful and reciprocal relationships,
approached through a decolonizing and participatory process, represents the founda-
tional core of how this formative project was undertaken in ways that are culturally safe
and ethical. The project team consisted of both Indigenous and non-Indigenous partners
who engaged directly with participating Williams Treaties First Nations communities to
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identify culturally-relevant capacity building approaches to increase access to affordable,
nutritious foods.

The project teams’ skills and knowledge positioned this participatory project to ad-
vance community-identified priorities and enhance access to sustainable local food systems.
Project co-investigators from Cambium Indigenous Professional Services provided First
Nations led expertise in environmental consulting and engineering services as members
of Georgina Island First Nation and Curve Lake First Nation. Pre-existing relationships
established with each of the partnering communities provided the opportunity to engage
directly with community-identified expert advisors to continue ongoing food security and
sustainability dialogues. Academic partners from the University of Waterloo supported
by co-facilitating conversations with community advisors, evaluating and synthesizing
findings and preparing project reports for funder and communities. Community mem-
bers, identified through Cambium Indigenous Professional Services contacts and snow-
ball approaches, were critical to the integrity of the process and relevance and utility of
the findings.

Guided by the First Nations principles of Ownership, Control, Access and Possession
(OCAP) [28], the project partners ensured engagement with communities was respectful,
appropriate, beneficial and relevant to the communities involved. Information was only
collected when informed assent was provided by participants, whose personal identifica-
tion information remained anonymous. The OCAP principles applied helped to ensure
integrity and meaningful engagement with communities to inform and control the direc-
tion of priorities identified throughout. Funding support was provided by the Ontario
Ministry of Agriculture, Food and Rural Affairs as part of a broader commitment to the
Lake Simcoe Protection Plan. Canada’s Tri-Council Policy Statement: Ethical Conduct for
Research Involving Humans ([29], article 6.11, p. 77), indicates the “initial exploratory phase,
which is intended to establish research partnerships or to inform the design of a research proposal,
and may involve contact with individuals or communities” does not require full REB review
(U Waterloo, Office of Research Ethics).

2.2. Partnering Communities of the Williams Treaties First Nations

The Williams Treaties First Nations are located in the province of Ontario, Canada
within the Georgian Bay, Lake Simcoe and Lake Ontario watersheds of Treaty 20. The
First Nations of the Williams Treaties comprise of the Chippewas of Georgina Island First
Nations, Beausoleil First Nation, and Rama First Nation; and the Mississaugas of Curve
Lake First Nation, Alderville First Nations, Hiawatha First Nation and Scugog Island
First Nation. These communities, which include First Nations with non-registered and
registered Indian status (Registered Indian status refers to an individual registered under
the Canadian Indian Act [30]), are a diverse and growing population that strongly embrace
a holistic relationship with the land, water and its local food systems. Communities of
Georgina Island First Nation, Beausoleil First Nation, Curve Lake First Nation and Rama
First Nation expressed interest in participating in this project as community partners.

The Beausoleil First Nation is situated at the Southern tip of Georgian Bay on Christian
Island, Ontario. It is a small remote community, home to approximately 800 year-round
residents, and has a membership of approximately 2214 people. The Island’s main access is
by ferry transportation except, during the winter months, when access to the island is made
over ice roads or hovercraft. As such, community members need to travel by vehicle and
ferry to access the nearest store for groceries. The Island is also referred to as Chimnissing,
which means “Big Island” in the Ojibway language. The First Nation consists of three
Islands known as Christian, Hope and Beckwith, as well as 25 acres on the mainland at
Cedar Point. Members predominately reside on Christian Island, however, several families
live year-round on Cedar Point.

Curve Lake First Nation is also an Ojibway community, located 25 km northwest of
Peterborough, Ontario. It has a diverse population of 2500, which includes First Nation
members and non-First Nation members alike residing on territorial lands. There are 1918
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registered status Indian members (1161 off reserve and 764 on reserve). The territory has
a communal land base of 900 hectares, which consists of a mainland peninsula, a large
island (Fox Island) and several other smaller islands located throughout the Trent Severn
Waterway system. Curve Lake First Nation is a proud community known for its leadership
and promoting Anishinabe culture. The health centre in Curve Lake, offers a range of
programs and services including a healthy eating programming and a food bank. While
there is access to convenience stores and a coffee shop, many must travel to Peterborough
to shop at the nearest grocery store.

The Chippewas of Georgina Island First Nation is located both on and off the east
shore of Lake Simcoe in the Region of York and is approximately 100 km north of the
Greater Toronto Area. Georgina Island First Nation Reserve No. 33 consists of three
separate islands and two mainland access points. The three islands (Georgina Island, Snake
Island and Fox Island) are approximately 3 km off the southern shore of Lake Simcoe.
The main population of the reserve resides on the largest island, Georgina Island, with
approximately 90 households. The island’s land mass is approximately 15 km, which is
4.5 km long and 3.2 km wide with an area of 1415 hectors. Snake Island is approximately
135 hectors; and Fox Island is approximately 20 hectors, both of which are comprised of
seasonal cottage residence and non-First Nation member residence. Travel by vehicle and
ferry is needed to access the nearest store for groceries.

The Chippewas of Rama First Nation has been known as ‘the gathering place’, where
travelers journeyed to trade, to seek counsel or medicines, and attend great meetings.
Rama is now home to Casino Rama, a tourism attraction that brings many visitors to
the area for gaming, shows, conventions, shopping and fine dining. Rama First Nation
is approximately 1.5 h north of Toronto, Ontario. The community has over 2500 acres
of interspersed land, nestled in “Ontario’s Lake Country” on the eastern side of Lake
Couchiching. The community has over 1800 members including over 700 living off-reserve.
Rama has a food bank and some local food and restaurant access but most travel to nearby
Orillia (14 km) for groceries.

2.3. Project Design and Process

Applying a decolonizing theoretical perspective [31–35], we employed a community-
based participatory research (CBPR) [33] methodological approach to advance the following
formative project objectives: (1) to conceptualize food security and food sustainability from
a First Nations perspective; and (2) to identify community-based approaches to enhance,
protect and sustain local food systems in support of food security and sustainable food
systems (Figure 1).

A participatory orientation emphasizes strong collaboration, non-hierarchical rela-
tions, and sharing of perspectives throughout the research process [36–38]. Given the
partner centred and collaborative approach underpinning CBPR, it has increasingly been
accepted as an appropriate methodology to engage with Indigenous communities as its
relational component aligns with an Indigenous paradigm [35,39–41]. Applying CBPR
within Indigenous contexts can facilitate space for Indigenous knowledge systems by
shifting a focus on community values, perspectives and priorities [33,34,38,39,41].

To support communities with enhancing local food security and sustainability, the
principles of CBPR were applied to facilitate the identification of community-led action and
enablers for project planning. Further, CBPR in conjunction with Indigenous approaches
to inquiry, akin to two-eyed seeing [41,42], was used to decolonize the research process and
draw on the strengths and wisdom of Indigenous knowledge and ways of knowing. For-
mative work helped conceptualize food security and sustainability from a local community
perspective and solidify interest within the four participating communities to inform and
support community-led action planning in moving forward with their identified priorities.
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2.4. Indigenous Approach to Inquiry

Recognizing the importance of telling stories in Indigenous culture, we used the
conversational method to facilitate the sharing of reflections and experiences [33,34]. The
conversational method is a dialogic approach to generating and gathering knowledge
through oral storytelling and is congruent with Indigenous methodologies [33,34]. This
was applied to facilitate community-based conversational/storytelling interviews involv-
ing semi-structured open-ended questions guided by the literature. This approach was
undertaken with the aim of decolonizing the proposed work by enabling the creation of
a safe space for partnering Williams Treaties First Nations community voices to be heard
(Figure 1) [33]. As such, conversations were co-facilitated by an experienced community
member to enable a safe environment for dialogue.

Using the conversational method, a series of community engagement meetings were
held between December 2017 and March 2018 with four First Nation communities. Com-
munity liaisons in each partnering community, employed by the First Nation on climate
change adaptation in their community, helped to identity advisors to engage in community
dialogue sessions. Advisors with extensive knowledge of and expertise in environmental
sustainability, food systems, traditional food practices, health, education and community
development were invited to be engaged in the project. Academic partners, co-facilitated
conversations with community expert advisors. Engagement sessions provided the oppor-
tunity to build relationships with respective community members and solicit input from
the communities on perspectives of food security and food sustainability. In conversa-
tions with communities, informants identified priorities, challenges and opportunities for
community-driven food-related projects to enhance food security and support sustainable
local food systems.

Our Land, Building Capacity in Ontario First Nation Communities (Our Land) was
a First Nations led and informed conference that was held on January 2018 at Rama,
Ontario. This annual conference, organized by the project partners from Cambium Indige-
nous Professional Services, convened over 30 First Nations community representatives
across Ontario.

The conference featured keynote presentations, panel presentations, participatory
workshops, as well as an interactive digital survey to engage with conference delegates.
On day one of the conference, we planned and facilitated a participatory workshop to
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explore ways to increase access to healthy food through the development of local food
initiatives. The workshop featured a short video on food sustainability and food security,
preliminary digital information gathering, an ice-breaker activity (trivia game and card
game), facilitated break-out group discussions, and a dot-voting method to identify shared
priorities. Conference attendees visiting the project booth were also invited to complete
an optional survey to provide input on priorities and challenges to food security in their
community. On day two of the conference, a digital survey of all delegates took place,
based in part, on the findings of day one information gathering. All notes, flip charts and
votes were collected.

The workshop guiding questions and both the paper-based and digital surveys were
informed by knowledge gained from a review of the literature and community engagement
sessions with partnering communities as a way to fill any knowledge gaps. In addition,
early findings from the workshop helped to refine questions included in the digital survey
on day two of the conference. The purpose of the workshop, the paper-based survey, and
digital survey was to solicit input from Our Land Conference delegates on understandings
of food security and food sustainability, and perspectives on community-level initiatives
and capacity needed to achieve food security.

2.5. Data Analyses

Information gathered from the community-based conversational/storytelling inter-
views was transcribed and thematically analyzed [43,44]. Data used in this project are
owned by communities as per First Nations Ownership, Control, Access and Possession
guidelines (OCAPTM). In addition, notes from the participatory workshop at the conference
and surveys were also analyzed to inform cross-cutting themes across all four partnering
communities. Thematic analysis was used to systematically identify and organize patterns
of meaning and experiences as described by Braun, Clarke and colleagues [43] and Cress-
well and Cresswell [44]. The approach identified insights and patterns of meaning as they
related to perspectives of food security and strategies to enhance local access to food. The
code book and emergent themes were reviewed by the project team for refinement and to
ensure inclusiveness and appropriate representation of community voices.

3. Results
3.1. Project Participants

Community key informants (n = 15) who were engaged in conversational/storytelling
interviews (2–6 participants per community) included leaders in food security, environ-
mental and energy sustainability, local food producers, and educators. Attendees of the
conference included key partners and stakeholders working in the areas of climate change,
environmental sustainability, energy, agriculture, public health, food security, and govern-
ment. Conference delegates shared their perspectives through a participatory workshop
(n = 65), and survey (n = 22 delegates), and large group feedback (n = 85). In addition to
partnering communities of the project, the experiences and voices shared by First Nations
community representatives across Ontario who attended the conference contributed to
knowledge generation of priorities and opportunities for food security. The perspectives of
key informants from each community on food security, food sustainability and associated
challenges had common themes, though preliminary ideas for initiatives to strengthen
local food systems were sometimes context specific. Given the small numbers, perspectives
are not distinguished by respondent position or community.

3.2. Food Security

Food security was broadly understood from a holistic wellness perspective by all
partnering communities. It was viewed as both an outcome and determinant of wellbeing.
Participants highlighted the importance of access to food, knowledge of how to grow
your own food, and the skills and resources to prepare food. Also emphasized was the
importance that food procurement from the land, whether through hunting, fishing or
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gardening, should honour traditional practices and be carried out in ways that protect
the environment.

Perspectives of individual and community food security were shared. Food security
was commonly described as a way of life: promoting and maintaining overall wellness
from a holistic perspective. Perspectives shared largely centred around access and use of
traditional foods and store-bought food (non-traditional food sources). The ability to grow
and produce food all year round and the opportunity to share food with others within the
community was widely appreciated by community members.

Community advisor 1: “I’ll give you my whole idea on it, on what would be the
dream for me, which would essentially be people growing their own food. Maybe having
greenhouses to supply the things you’re not getting from the summer. Having root cellars
for storage. Having community freezers for those who hunt, fish, trap, but then also using
the hide using the furs and putting that towards either making clothing or whatever it
ends up being. But also knowing your medicines around, being able to identify trees,
what parts of the plant are edible what parts are medicine.”

Community advisor 2: “I mean to me food security is everyone having access to
healthy foods.”

In addition, the value of having the knowledge and skills to undertake traditional
food activities was expressed. This was inclusive of community reflections on the im-
portance of practicing ceremony associated with traditional food acquisition activities,
as well as being able to partner with other communities to acquire local foods within a
community established trading system. These were recognized as essential to supporting
community’s ability to provide its own food (e.g., grow, hunt, harvest, self-produce) for
multiple generations.

Community advisor 4: “Food is medicine. If you’re sick and have a cold, you don’t take
vitamin C capsules, you boil a light batch of cedar tea.”

3.3. Sustainable Food Systems

While food security was the primary topic of community engagement dialogues, the
connection between sustainable food systems and food security was recognized by each
community. Communities often discussed the importance of engaging in environmentally
responsible food production as a way to protect the environment, while also growing and
sustaining food within the community. In addition, communities expressed the importance
of not relying on external food sources and also having the ability to control what goes into
your food as a way to control the health of the community.

Community advisor 7: “The ability to produce all year round would be nice. Trying to
get the younger generations interested in fishing again, if we could tap into that a little.”

3.4. Challenges to Food Security

Community identified challenges to food security centred around the impacts of
climate change and environmental degradation, income, food knowledge and skills, and
limited availability of healthy food options (Table 1).

Table 1. Community perspectives of challenges and priorities to enhance food security and strengthen local food systems.

Challenges Priorities

Climate change and environmental degradation Access to food

Income Availability and use of fresh, nutritious food

Traditional food knowledge and skills Restoring community connections to the land and traditions

Support for locally grown food in the community
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3.4.1. Climate Change and Environmental Degradation

Community members shared observations about changes in the abundance, distribu-
tion, and health of species (e.g., fish are smaller and have sores). Drivers of these changes
identified include climate-related differences observed over time, from more drought in
the summer (necessitating frequent fire bans) to longer growing seasons. Also shared was
the observation of a growing number of invasive species that have altered plants and local
food, including the presence of wildlife in the area. Some shared that environmental con-
taminants have also been responsible for impacting water and soil quality (road spraying
oil and salts), including chemical waste dumped in waterways from a factory (reports of
agent orange). As a result of these changes to local sources of food, communities have
expressed having to travel further distances to hunt and fish because there’s not the same
accessibility as there used to be.

Community advisor 6: “ . . . under our environmental assessment that we just had
completed, one of the major issues on there that kind of held up the whole process for us
would be the stuff that they spray on the road the dust control. And so that gives people a
lot of concerns because you know we are so close, like a lot of the houses are so close to the
road, our water sources [is] there and you know what’s running off into the water.

So [this] makes you think about, you know, if you were to have a garden, if each family
had a garden, what’s running off into the gardens?”

Community advisor 8: “People travel further to hunt and fish to trap because it’s not
the same like it used to be. So if they’re hunting muskrat there’s no muskrat left here
really. There might be a few beavers.”

3.4.2. Income

Concerns were shared related to the high cost of food within the community, including
high costs associated with travelling to grocery stores outside of the community. In addition,
the costs to engage in traditional food activities related to travel to hunting areas, and access
to tools or equipment to hunt was a concern. Amplifying these challenges is the dependency
on social assistance due to low employment opportunities and rates in the community.

Community advisor 2: “Food insecurity is huge for us. What is the root problem? It’s
income basically.”

Community advisor 6: “I think also because we live in the cottage country that really
determines the price especially meat and produce. I think sometimes we end up as during
summer months like we are paying more for stuff that you know if you lived in the city
you wouldn’t be paying that price. I think costs is the biggest factor.”

3.4.3. Traditional Food Knowledge and Skills

The loss of traditional knowledge, language and skills to engage in traditional food
acquisition practices was emphasized as a barrier to food security. In particular, reflections
were made on how the loss of traditional knowledge is tied to colonization and the Indian
Act which have contributed to a lack of sovereignty and control over access to land to hunt,
fish and gather (The Constitution Act (1876), Canada has the responsibility for ‘Indians
and Lands Reserved for Indians’ under the Indian Act [3]. The Indian Act, which formally
recognizes First Nations ancestry, is recognized as legislative authority that remains a
source of internal colonization [3,30]). Shared was that such circumstances have not only
led to less traditional food available to be consumed, but has also changed the perception
and taste for traditional food.

Community advisor 6: “I think we need to start with the younger generations because
I think with the older generation we’re slowly losing that link to the past especially the
ones that remember what it’s like way back when times were simpler, when people helped
themselves, help each other, they didn’t have to rely with a lot of programs.”
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Emphasized, was the implication of limited traditional knowledge, in particular the
lack of opportunities for traditional knowledge of food and culture to be passed down
to younger generations on how to engage in community food gathering and harvesting
practices, including knowing the location of hunting grounds and how to use tools or
equipment to hunt.

Community advisor 9: “I think there’s a gap that needs to be bridged somehow because
we are losing our traditions and cultures within our own community. Because of that we
are having to bring other people in that are teaching the same skills, but they are not our
community’s skills.”

3.5. Priorities to Enhance Food Security and Strengthen Local Food Systems

Priorities and actions were identified within each community to enhance food security
(Table 1). These ranged from specific interests in food production, types of food, sustain-
ability practices and developing food knowledge and skills, to community-based projects
to implement in the short-term to support community interests and priorities.

3.5.1. Access to Food

Access to grocery stores outside of the community was emphasized. Within each
community, the importance of having access to means of transportation (either by bus, car
or boat) was commonly expressed, as this was recognized as essential to accessing food,
and especially healthy food of good quality.

Having a community-based travel system in place with appropriate storage was iden-
tified as an opportunity to support access to grocery stores outside of the community. For
example, having a community-based bus that could accommodate large grocery portions
and preserve freshness of vegetables in the summer was discussed.

Community advisor 5: “ . . . my one Aunt she won’t even buy bananas in the winter
because they are brown by the time they get on the boat across the bay, but I think too,
a lot of people like having to transport and so many people are on the boat. So if the ice
starts building up then we use our passenger ferry only, so if you have 70 people riding a
ferry then all their food and stuff like you kinda have to watch yourself.”

Community advisor 6: “But again it’s just our access has always been an issue because
you know you have to bring stuff over. We do have farmers market in the summer,
sometimes they are well received and sometimes they are not. It depends who’s bringing
stuff over; sometimes it’s fresh, sometimes it’s not.”

Also highlighted as key to supporting access to food, was ensuring sufficient income
and employment opportunities within the community. Creating jobs within the community
to support economic growth and security was emphasized.

Community advisor 2: “And we know about [how] income and accessing affordable
fresh produce in general, changes their body. Chronic disease goes down, you feel good.
You’re not losing limbs because you’re eating sugary bread all the time.”

3.5.2. Availability and Use of Fresh, Nutritious Food

The importance of making fresh produce available and affordable for communities to
access at wholesale costs was emphasized. Having food markets in the community with a
variety of vendors of locally produced food and other essential products was identified as
an action that could support greater access to fresh food. Having stable and reliable access
to enough healthy and affordable food year-round without worry was broadly understood
by communities as having secure access to food.

Support for health promoting activities to increase food literacy and knowledge of
healthy foods and recipes was also identified as a priority that can support community in
healthy eating practices. Developing incentives to have community members engaged at
local markets and community-based food initiatives was also discussed.
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Community advisor 7: “I think with our community, I’ve heard from [a] few people
that the issue too is education and equipment right. So, I mean, just finding out from
people like, Ellen, you know getting that knowledge in order [to know] ‘where do I start?’.
Some areas in our community are so sandy that you probably couldn’t get a garden, ‘so
what do you have to do, okay fine you need to build up, so you have to build a crib right.’
‘Who do I talk to?’ ‘Who has the skills to build this crib right?’

Community advisor 3: “I think it’s trying to find ways to provide fresh foods and
vegetables. Cause like I said, they have this program called, the good food box, but that’s
only catered towards certain people right; it’s not available to everybody.”

An existing initiative within one of the partnering communities, Nourish, provides
affordable access to local produce and market foods, was identified as an opportunity to
support local food production and enhance community food security.

Community advisor 2: “Nourish is a collaboration from Peterborough and public
health from the YMCA which we are housed out of. We are a small group. We try to
bring people into the system to help with system change . . . It’s all about food. We have
people entering into our programs so we do cooking, we do growing, we have community
meals, and we do advocacy work. Basically, the bottom line is to empower people to make
decisions for themselves in order to make system changes.”

Accelerating the uptake of existing projects within the community to support scale-up
efforts, including support for local business to enhance traditional food supply (e.g., Nour-
ish Project JustFood Boxes, restoration of wild rice beds, fish habitat improvements) [45,46]
is an approach that can be taken and led by community to improve access to and availability
of local, fresh and nutritious food.

3.5.3. Restoring Community Connections to the Land and Traditions

Restoring and maintaining access to traditional food sources and distribution systems,
such as wild rice production within the community, was emphasized. Communities shared
the importance of promoting traditional food acquisition activities such as fishing, hunting
and cultivating (e.g., wild rice production). This was discussed as an opportunity to re-
establish connections to traditions, culture and the environment (e.g., water ceremony
teachings, traditional medicines). This included promoting greater engagement with
youth in traditional food teachings and encouraging younger generations to be advocates
for local food projects and traditional food activities. In addition, utilizing social media
platforms to engage youth and generate interest in learning more about traditional food
and ways to contribute to food security in their community through gardening, gathering
of traditional medicines, fishing, hunting, and harvesting and production (e.g., wild rice,
maple syrup, net making), was emphasized. An approach identified to support this was
having hunters and trappers from the community share their knowledge and skills to other
members of the community (i.e., community-specific, not just northern FN community
coming down to teach), including teachings of food as medicine. In addition, having a
communal resource for members of the community to access tools and equipment for
hunting was also identified as an opportunity to enable greater engagement in traditional
food acquisition practices.

Community advisor 8: “I think if we are able somehow to find a way to get the kids
excited about farming, gardening, and fishing that we might see a difference, you know?
Them bringing that home to their own parents and then getting them interested as well,
but I think we need to offer some, I don’t know some ways to get them involved.”

3.5.4. Support for Locally Grown Food in the Community

Creating a sustainable food system, that can support healthy eating in the community
and opportunities to achieve food security through approaches that enable local food
production (e.g., community gardening), was discussed. Communities highlighted the
importance of having policies that enable better management, protection and preservation
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of the land from pesticides/herbicides, and industry related activities. This was identified
as an important process to ensure food safety and minimize food system exposure to
environmental contaminants.

Regulations in place, with community input to support ongoing environmental assess-
ment of water and soil quality, was identified as a priority to support local food production
and a way to build legislative trust within the community. As invasive species can pose a
potential threat to traditional food systems, programs and services in place that can remove
invasive species were identified as an opportunity to support long-term environmental
health in the community. Holding workshops that can enhance community members’
skills and knowledge to engage in local food production and activities that promote energy
sustainability was also emphasized.

Community advisor 7: “ . . . well I think there is movement already to tell you the
truth. From what I see from the people who have access to programs and their wants and
their needs. I think even the younger are more [willing] now to try things. We’ve done
canning workshops here. The only thing that I think of is if people were to grow their
own food and they have all this extra produce. They get overwhelmed by okay, what do I
do with all this kale? So, there’s education in that and how to do that or maybe have a
barter system set up or whatever trading and things.”

4. Discussion

The formative work undertaken in this participatory project aimed to facilitate the
building of shared understandings of food security and food sustainability, including
opportunities to strengthen access to nutritious and sustainable food systems. The In-
digenous approaches utilized for knowledge generation and sharing helped to ensure
appropriate engagement that centred the priorities of First Nations communities at the
core. In addition, the findings will support community-led action planning and will be
used to inform next steps for implementation. Knowledge generated from our project is
intended to help develop initiatives, programs or projects that promote sustainable food
systems. Such community-based action supports a path towards holistic wellbeing and,
ultimately, Indigenous peoples’ right to food security and food sovereignty.

4.1. Strengthening Indigenous Food Security, Food Sustainability and Food Sovereignty

Food security was broadly understood from a holistic wellness perspective by all
partnering communities. It was viewed as both an outcome and determinant of wellbeing.
Participants highlighted the importance of access to food, knowledge of how to grow
your own food, and the skills and resources to prepare food. Also emphasized was the
importance of food procurement from the land, whether through hunting, fishing or
gardening, should honour traditional practices and be carried out in ways that protect
the environment.

Conceptualizations of food security underscored the importance of considering unique
dimensions as related to access, availability and use of market and traditional food systems
in efforts aimed at enhancing food security in Indigenous communities [21]. For Indigenous
communities, this means a consideration of factors such as income and transportation that
impact access to and use of market and traditional food; climate change and environmental
degradation impacts on availability, use and access to traditional food and locally produced
food; and how traditional food knowledge and skills, and connections to the land influence
preparation and use of traditional and local food. In addition to such unique considerations
of food security, an underlying theme was food sovereignty [5,6,47–51].

Food sovereignty is closely aligned with how partnering communities described
food security, food sustainability and opportunities to improve access to food [47–51].
Underpinning community interests and priorities are actions that can support reclamation
of access to land, revitalization of local food systems, reconnection with culture, traditional
food and ways of knowing, and having greater control over ways to obtain healthy food
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within local food environments of the community. Such priorities align closely with what
has been described as Indigenous food sovereignty.

Dawn Morison, for example, describes Indigenous food sovereignty as “present day
strategies that enable and support the ability of Indigenous communities to sustain traditional
hunting, fishing, gathering, farming and distribution practices, the way we have done for thou-
sands of years prior to contact with the first European settlers” ([51], p. 98). Promoting food
security and nutrition in a sustainable, culturally relevant and just way, as described by
community members, is a window to enhancing Indigenous food sovereignty. Activities
identified by communities that can improve greater access to food, restore connections and
cultural ties to the environment, and support local food production, highlight their need
to protect and restore the right to food and food sovereignty. As such, efforts to support
revitalization of local food systems as a way to restore, protect and sustain community food
practices is a community identified priority and opportunity to strengthen food security
and food sovereignty.

4.2. Moving from Priorities to Community-Led Action

While partnering communities recognize the need to mobilize interests towards cre-
ating more sustainable and accessible food systems, moving from priorities to actions
requires a level of readiness and capacity to plan, develop and implement initiatives. In
addition, it requires working within the specific context of each community’s traditional
and market food systems. Building on the momentum to better understand their local
context as it relates to challenges and opportunities to strengthen access and availability of
food, communities can begin thinking about how to create an environment for transfor-
mation and meaningful change. Existing implementation and change frameworks have
highlighted the importance of understanding local context to build shared knowledge,
assumptions and practices to define the change pursuits of interest as an initial step before
effective implementation can take place [51–53].

The community-identified priorities from this formative work therefore present oppor-
tunities for change, whereby communities mobilize their interest for sustainable food sys-
tems, food sovereignty and food security by identifying and building on existing strengths
within the community to enhance readiness and capacity for action. This may include
identification of key system actors and champions, along with existing projects, initiatives
and programs that can be scaled-up within the community. In addition, successes and
lessons identified from existing or previous projects can also be leveraged. For example,
an existing initiative, Nourish, was identified by community members as an opportunity
for scale-up; extending its reach to nearby First Nations communities and incorporating
traditional food could support their access to nutritious, culturally-relevant food. Strength-
ening relational capacities with key system actors has been identified as a critical process
to support successful change pursuits [52,53]. Within the context of Indigenous communi-
ties, this is especially critical to align change efforts with community identified priorities
and interests [54]. Indigenous scholars have continuously emphasized the importance
of appropriate and respectful approaches to engage with communities to build shared
understandings of knowledge and practices as required to support the implementation of
programs or policies intended to improve Indigenous health and wellbeing [31,35,54].

Ongoing engagement with key community members from this preliminary work will
be essential to identifying key system actors and champions that can lead and sustain
implementation efforts and ensure success is achieved in the community. Furthermore,
such engagement, driven by the community, will be fundamental to ensuring that actions,
including partner-support of implementation strategies, are taken in a culturally safe way
that best serves the interests of communities.

4.3. Limitations

Community-based participatory work, though well respected and recognized as an
appropriate approach to working with Indigenous communities, is not without challenges

336



Int. J. Environ. Res. Public Health 2021, 18, 4404

or shortcomings. Short-term funding cycles may not support additional efforts to plan and
implement community-identified projects of interest. While time and resource constraints
limited the immediate uptake of the current project, partners continue to identify opportu-
nities to utilize and leverage the findings from this project to inform other areas of existing
or future funded projects.

5. Conclusions

We use Indigenous methodologies and western approaches to partner with communi-
ties and engage with community advisors to solicit input on priorities and opportunities to
enhance food security, strengthen sustainability of food systems, and in doing so support
the promotion of food sovereignty. The shared understanding of community perspectives,
priorities, challenges and opportunities to strengthen food security will benefit participat-
ing Williams Treaties First Nations communities directly. Moreover, the approach taken
in this formative initiative will help to inform other work to integrate robust Indigenous
practices and approaches to community engagement critical to building shared knowledge
and understanding as an initial step and requirement of implementation of programs
intended to improve Indigenous health. Hence, the contributions made to understanding
ways to support the wellbeing of partnering Williams Treaties First Nations by taking a
community driven and participatory approach to identifying priorities and opportunities
to revive local food systems, will promote greater food security, sustainability and food
sovereignty that may resonate with other Indigenous communities.

The current research can serve as an important foundation for planning Indigenous
community-based projects and initiatives to strengthen food security, create more sustain-
able food systems and work towards food sovereignty.
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Abstract: Ever-increasing global environmental issues, land degradation, and groundwater con-
tamination may significantly impact the agricultural sector of any country. The situation worsens
while the global agricultural sectors are going through the unsustainable intensification of agri-
cultural production powered by chemical fertilizers and pesticides. This trend leads the sector to
exercise environmentally friendly technology (EFT). Capital endowment and ecological cognition
may significantly impact fostering farmers’ adoption of environmentally friendly technology. The
government also tends to change the existing policies to cope with ever-increasing challenges like
pollution control, maintaining ecological balance, and supporting agricultural sectors substantially
by employing ecological compensation policy. The study’s main objective is to explore the impacts of
farmer’s ecological compensation, capital endowment, and ecological cognition for the adoption of
EFT. The empirical setup of the study quantifies with survey data of 471 apple farmers from nine
counties of Shandong province. The study used Heckman’s two-stage model to craft the findings.
The results showed that 52.02% of fruit farmers adopted two environmentally friendly technologies,
and 23.99% of fruit farmers adopted three forms of environmentally friendly technologies. At the
same time, we have traced that the capital endowment, planting scale, family income, and technical
specialization of fruit farmers significantly impact adopting EFT. The study also revealed that under-
standing ecological compensation policy has a significant positive effect on adopting environmentally
friendly technology. Seemingly, ecological compensation policy has a specific regulatory effect on
fruit farmers’ capital endowment and ecological cognition. Therefore, it is necessary to extend the
demonstration facilities, training, and frequently arrange awareness-building campaigns regarding
rural non-point source pollution hazards and improve the cognition level of farmers. The agriculture
extension department should strengthen the agricultural value chain facilities to make farmers fully
realize the importance of EFT. Government should promote and extend the supports for availing new
and innovative EFT at a reasonable price. Moreover, cooperative, financial, and credit organizations
need to lead for the smooth transition of EFT. The agricultural cooperatives and formal risk-taking
networks should act responsibly for shaping the behavioral factors of farmers.

Keywords: capital endowment; ecological cognition; environment-friendly technology; adoption
level; Hackman model

1. Introduction

China has gained relatively swift development in agricultural sectors by employing
intense inputs within the last decade. It has a long history of given priorities for intensifying
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agriculture production to support the massive population with limited arable land [1]. For
mitigating these challenges, widespread and overuse of chemical fertilizers and pesticides
has been adopted by Chinese agriculture sectors [2]. However, China is achieving the
challenges of food security by employing intensive agro-productivity powered by inten-
sive interactions of chemical components, but those activities have drawn exacerbated
controversies for maintaining the sustainable development goals set by the united nations
(UN) [3]. The impermissible utilization of chemical components and overuse of natural
resources resulted in extra production costs and staggering ecological issues from the soil,
water, and air contaminations by greenhouse gas emissions [4–6]. These concerns are not
only slowing down sustainable development goals achievement but also threatened human
wellbeing and existence. Therefore, China is confronting significant sustainability issues
as a densely populated and agriculture-based nation [7]. Intensive and chemical input-
based agricultural production methods have been updated, and innovative eco-friendly
technology is rigorously studied, introduced, and reviewed to reduce farm emissions from
non-point sources and enhance its influence. As a result, Chinese farmers are trying to
improve their environmental stand while sustaining or increasing crop production [8].
Global studies have shown that the usage of environmentally friendly technologies could
be crucial to reduce the rural non-point source of pollution and improve the quality of
products [6,9]. Seemingly, several eco-friendly technologies have been applied in horticul-
tural production, such as soil testing and formula fertilization, organic fertilizer instead of
chemical fertilizer, green prevention and control technology, soil improvement technology,
and so on [10]. Moreover, it revealed a smooth progression from emphasizing scientific
research facilities to participative field trials [11].

Interestingly, research has shown that by adopting environment-friendly technology,
farmers can improve product quality, protect the ecological environment, and effectively
integrate into the high-value industrial chain [12,13]. The continuous adjustment of the
agricultural and industrial structure has forced more farmers to turn their limited land
resources to planting high-yield and high-value products [14]. From the effect, the appli-
cation of the technologies reduces the rural non-point source pollution. It also improves
the quality of products conducive to obtaining the food quality and safety certification
to lay a foundation for products to enter the high-end and dynamic consumption mar-
ket [15,16]. The strategies of reducing the non-point cause of agricultural emissions are
entirely satisfactory within demonstration zones and experimental stages, whether the
effectiveness of those innovative tactics and the promotions and adoption intentions are
not sufficiently explored yet [17]. Thus, the areas where small farms can practically use
this advanced technology would have to be assessed appropriately. According to Grze-
lak et al. [18], resource endowments such as human and materials resources of capital
approach to farming may impact fostering EFT. It is apparent that if a farmer has certain
freedom and resource supports, it provides confidence for farmers to try many forms of
potential technology [4]. Several pieces of research also indicate that farmers’ cognition
level largely influences the farmers to adopt environmentally friendly technologies [19,20].
If farmers possess a positive attitude towards a certain EFT, it is easier for them to make
decisions for adopting EFT in the future [21]. In terms of emerging countries, the ecological
compensation policies may significantly impact the impacts of EFT [22]. Especially among
the smallholder farmers, the impacts of such policies may have crucial impacts to build up
a positive attitude and eventually improve their cognition level. Therefore, based on apple
farmers’ actual situation in Shandong and from the capital endowment and ecological
cognition prospects, this paper analyzes the impact mechanism of environment-friendly
technology adoption. It further explores the mediating impacts of ecological compensation
for shaping cognition and improving farmer’s capital endowment capabilities.

Related literature mainly focuses on influencing factors and adopting decision-making
by using environment-friendly technologies [23]. Due to the difference in endowment, the
heterogeneity of their technology adoption behavior is apparent, and the age factor is usu-
ally included in the estimation model first. For example, Wang et al. [20] provided a brief
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assessment on the adoption behavior of soil testing, and formula fertilization technology
for grain crop farmers shows that the older the age, the lower the possibility of technology
adoption, which is in line with the previous studies on Integrated Pest Management of
vegetable farmers. However, Zhou et al. [24] also argued that experienced farmers might
have a greater willingness to adopt water-saving and labor-saving technologies. Seemingly,
Ma et al. [25] addressed that farmers with higher education tend to have a deeper under-
standing of using chemical products scientifically and rationally to reduce the impacts of
excessive use and have a higher adoption rate of environment-friendly technologies.

Moreover, the promotions and guidance from suppliers also have a significant impact
on practical usage of chemical products and technology adoption behavior of farmers [26],
while the planting years, scale, number of laborers, and whether to join cooperatives
also have an impact on the adoption behavior of environment-friendly technologies [27].
Interestingly, farmers’ new technology adoption decision-making is different from the
adoption intention [19], which is a rational choice after comparing the expected cost and
benefit [28]. Farmers show a low awareness of green prevention and control technolo-
gies such as biological pesticides, have uncertainty about the effect [25], and demand a
profound paradox in the application, willingness, and behavioral changes [29]. Whether
farmers adopt environment-friendly technologies depends on the potential performance
that can be improved after technology adoption, such as market share, yield level, and
cost–benefit comparison [30]. However, the government’s subsidies, for example, price con-
cession for innovative machinery utilization, price and procurement subsidies on organic
fertilizers (cash grant and interest-free loans), and pest control, facilitating low-interest
loans, accelerated depreciation, and rent rebates (indirect subsidies) to farmers who adopt
environment-friendly technologies could have a good effect on improving the adoption of
environment-friendly technologies and controlling rural non-point source pollution [9].

The existing studies mainly focus on single technology adoption, centered within the
crop farmers’ context. In contrast, a minimal number of publications have been traced that
can quantify adoption behavior towards environmental-friendly technologies among apple
or other orchard-based products [31]. Moreover, the research on the adoption behavior and
degree of farmer’s environment-friendly technology around capital endowment, ecological
cognition, and ecological compensation policy is relatively rare, quantifying the article’s
strength and prime novelty. Therefore, for fulfilling the research mentioned above the gap,
these articles used the survey of 471 apple farmers from nine counties (cities, districts)
of Shandong Province, and adopted the Heckman sampling model to provide an in-
depth assessment of the adoption behavior and measured the degree of adoption of
environmentally friendly technologies by orchard farmers from the perspective of capital
endowment and ecological cognition.

The article is designed as follows: Section 1 comprised the introduction and theoretical
baseline. Section 2 described a brief overview of the data sources and theoretical outline.
Section 3 outlined the variables and research approaches, whereas Section 4 denotes
the results and analytical framework. Section 5 comprised the discussion and Section 6
explored the conclusions of the study and policy recommendations.

2. Methodology
2.1. Data Sources

The empirical data were collected through the field survey among the apple orchard
farmers listed in the “National Research Center for Apple Engineering and Technology
(NRCAET), Shandong Agricultural University,” situated in the most specialized apple
production counties of Shandong province from December 2018 to January 2019. The
surveyed regions were covered by nine major apple production counties (Penglai, Laiyang,
Qixia, Haiyang, Longkou, Zhaoyuan, Zibo, and Linyi). Whereas we randomly selected
5-6 apple-growing townships from each county, each township selects a core apple-growing
village. Finally, we randomly selected 10–15 apple growers from each selected village with
sufficient communication skills to answer the questionnaire. A total of 500 questionnaires
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were distributed, and 471 valid questionnaires were collected, with an effective rate of
94.20%. Shandong is one of China’s largest apple-growing areas, and it is one of the largest
exporter provinces in China, having strong market competitiveness within South Asia and
Europe. However, due to the excessive application of fertilizers and pesticides, the local
agricultural and environmental pollution problems are very prominent, so it is pertinent to
study environmentally friendly technologies by apple growers. The nine counties surveyed
in this article are also the core clusters of apple growers in Shandong. Thus, the data
of the growers in these nine counties are representative in terms of the high demand of
chemical usage, production rate, market values, and trends of synthetic pesticide usage of
the selected area. Before the survey, a pilot test was conducted within the targeted areas
to grasp the basic characteristics of the targeted area and respondents. Moreover, before
the formal interviews were taken, the investigator briefly explained the content of the
questionnaire, which might have influenced the high response rate. Figure 1 represents the
theoretical framework adopted by the study.
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Figure 1. Theoretical model for the adoption of environment-friendly technology by farmers. Here,
capital endowment and ecological cognition have been set as independent variables and “willingness
to adopt” and “adoption” as dependent variables. In addition, compensation policy is composed of
moderating variables.

2.2. Demographic Profile of the Respondent

The respondents are primarily middle-aged farmers, whereas 57.96% are over
50 years old, and 79.9% had junior high school education. Moreover, the planting scale
is smaller than the average planting scale in these scales; 74.31% of them are less than
1.4 acres. On the other hand, the degree of specialization is high, 87.69% of apple pro-
duction income accounts for more than 60% of the total income, and 80.3% joined the
agricultural cooperatives. On the whole, the sample farmers are representative. The results
show that the adoption rate of soil improvement technology is relatively high, reaching
87.26%. Among those, Penglai City, Qixia City, Yiyuan County, and Mengyin County are
covered around 90% because they are situated within the pilot areas to replace chemical
fertilizer with organic fertilizer. Simultaneously, reducing application and efficiency in-
creasing technology has been found moderate, about 54.26%. It could have happed due to
the favorable subsidy policy introduced by China. The results showed that the adoption
level of reducing application and efficiency increasing technology in the above four pilot
counties is higher than average.

In contrast, the adoption level of green prevention and control technology (biological
control, physical trapping) is relatively low, only 18.47%, which may have happened for
relatively high cost and slow effect of this technology, and the low recognition of the effect
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of this technology. Besides, 52.02% of the fruit farmers adopted two environmentally
friendly technologies (soil improvement technology, reduction, and efficiency technology,
green prevention, and control technology), 23.99% of the fruit farmers adopted three
environmentally friendly technologies (soil improvement technology, reduced application
efficiency technology, green prevention, and control technology). Therefore, it can be seen
that fruit farmers’ subjective willingness to adopt environmentally friendly technology is
more optimistic. However, the willingness and acceptance rate of green prevention and
control technology in environmentally friendly technology is relatively low.

2.3. Theoretical Basis and Research Hypothesis
2.3.1. The Direct Impact of Capital Endowment and Ecological Cognition on Farmer’s
Adoption of Environment-Friendly Technology

The environment-friendly technologies in this paper mainly refer to the technolo-
gies of reducing and increasing efficiency of chemical fertilizer (soil testing and formula
fertilization, water, and fertilizer integration technology), green prevention and control
technology (artificial release of natural enemies, physical trapping), soil improvement
technology (using organic fertilizer to replace chemical fertilizer, garden grass). Farmers
need to invest in improving the human and material resources in adopting environment-
friendly technology. EFT can be termed as applying knowledge that leads the sectors to
enjoy not harming or less harming farming practices in agriculture. In the context of the
study, we chose the three types of technologies as EFT, (i) technologies regarding reducing
application and increasing efficiencies, (ii) green preventions and control technology, and
(iii) soil improvement technology. Low-input technologies could act as a crucial EFT as
the technology allows farmers to practice lower resource usage by increasing firm utility
management while not compromising productivity [32]. Seemingly, green prevention and
control technology directly allows farmers not to use or reduce the chemical intersection by
employing bio-based organic components or integrated pest management practices to con-
trol the pests and diseases of the farm [33]. Finally, eco-friendly soil-management practices
positively address serious environmental issues and maintain productivity [34,35].

When farmers make decisions, they are usually constrained by their capital endow-
ment. The capital endowment has a significant impact on the farmer’s behavior choice
and decision-making [36]. Due to the limitation of capital endowment, farmers may show
lower adoption behavior when making adoption decisions [37]. On the contrary, if farmers
possessed a sound capital endowment, it would be beneficial to them to take more risks
and implement their innovativeness [38]. Thus, the study put forward Hypothesis 1 as (H1)
capital endowment positively impacts the farmer’s adoption of environment-friendly tech-
nology. Seemingly, according to the planned behavior theory, farmers’ decisions will also
be affected by subjective cognition [39]. In production, farmers will get an idea about the
surrounding ecological environment, which will encourage farmers to make different deci-
sions to adapt to the ecological environment changes [40,41]. Moreover, farmers’ cognition
of changes positively impacts their living environment and eventually shaped the adoption
behavior of environment-friendly technologies [42,43]. Additionally, farmers’ awareness of
environmental risk positively impacts their adoption of environment-friendly behavior [44].
Therefore, capital endowment and ecological cognition will affect farmers’ adoption of
environment-friendly technologies. Based on the above analysis, the author puts forward
Hypothesis 2 as (H2) ecological cognition has a positive impact on the farmer’s adoption
of environment-friendly technologies.

2.3.2. Impact of Ecological Compensation Policy on Farmer’s Adoption of
Environment-Friendly Technology

As a rational decision-maker, whether farmers finally decide to adopt new technolo-
gies is usually rational after comparing the expected costs and benefits. Therefore, if the
government can provide certain policy subsidies to farmers (for example, price concession
for innovative machinery utilization, subsidies on organic fertilizers, and pest control),
it will help them eliminate their endowments’ restrictions and urge farmers to adopt
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environment-friendly technologies [38–40] actively. Additionally, ecological compensation
(see above and references [22,45]) policy improves farmers’ awareness of environmental
protection policies, thus promoting their enthusiasm to adopt environment-friendly tech-
nologies because farmers will adjust their production behavior according to agricultural
subsidy policies [46]. Thus, the study put forward Hypothesis 3 as (H3) ecological com-
pensation policy has a regulatory effect on farmers’ capital endowment and ecological
cognition.

3. Variables and Research Approaches
3.1. Variables
3.1.1. Dependent Variable

The dependent variables are “willingness to adopt” and “adoption” of environment-
friendly technologies. The measurement of “willingness to adopt” uses the binary valuation
method. To measure the “adoption” of environment-friendly technology, the values are
1–3 according to the number of types adopted by farmers to reduce application efficiency
technology, green prevention and control technology, and soil improvement technology.
If the farmers adopt any two or more of the above three technologies, the willingness to
adopt environment-friendly technologies is relatively positive, and the value is 1. On the
contrary, it is not active enough to adopt environment-friendly technology if the value is
0. Thus, the farmers’ willingness to adopt environment-friendly technologies indicates
their views for the ecological management of orchards, and the degree of adoption of
environment-friendly technologies indicates the efficiency of technology adoption.

3.1.2. Independent Variables

This paper selects age, education, labor force, and duration of farming as the human
aspects of capital endowment, which comprises exploring the local and international
scholars within similar approaches (for more details, please see references [47–49]). In
addition, the study selects planting scale, quality of agricultural pieces of machinery,
income, and specialization as a material aspect of the capital endowment. Meanwhile,
the respondents’ cognition on the harm of excessive fertilization, the cognition of soil
environmental protection policy, and the cognition of environment-friendly technology to
improve the ecological environment was selected to represent the ecological cognition.

3.1.3. Moderating Variables

This paper selects the impact of ecological compensation policy as the moderating
variable. The attitude and willingness of farmers to adopt environment-friendly technology
will affect the ecological compensation policy and its implementation after technology
adoption. We can learn from the relevant research results of Zhang Yu et al. [50] and Huang
Xiaohui et al. [51]. The influence of compensation policy is represented by the degree of
understanding, the satisfaction with ecological compensation policy, and the benefit to
ecological compensation policy. The definition and descriptive statistics of variables are
shown in Table 1.

3.1.4. Research Approaches

Theoretically, in terms of adopting environment-friendly technology, in most cases,
farmers will face a dilemmatic situation of whether they are willing to adopt it or not [52–54].
Previous studies mainly involved the issue of willingness to adapt [55–57], but not enough
attention was paid to the degree of the farmer’s adoption intentions. From the perspective
of subjective adoption intention, the first issue is whether the farmers are willing to
adopt environment-friendly technologies, and if the farmers’ subjective willingness is not
favorable, they will not fully adopt the three environment-friendly technologies. While the
Heckman two-stage model can control the selectivity deviation caused by unobservable
factors [58,59], it can deal with effect evaluation based on binary selection [60,61]. Therefore,
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this paper uses Heckman sampling to solve effect evaluation based on binary selection, as
suggested by Lambrecht et al. [62].

Table 1. Variable definition and descriptive statistics.

Variables Meaning and Assignment AVG Standard
Deviation Minimum Maximum

Dependent variable

Y1: The willingness Adopting (two or more) positive = 1; otherwise = 0 0.51 0.49 0 1

Y2: Adaptation Adoption 2.06 0.78 0 3

Capital endowment

X1: Sex F = 0; M = 1 0.37 0.48 0 1

X2: Age By 2017 51.03 9.48 25 85

X3: Education Years of education 7.64 5.22 0 11

X4: Duration of farming Duration of farming 27.63 5.07 4 58

X5: Scale AVG of the area in 2017 4.13 0.48 1 12

X6: Labor Labors in family 3 1.49 0 12

X7: Machinery Machinery 0.48 0.65 0 4

X8: Family income income in 2017 10.52 0.95 7.60 13.30

X9: Specialization Proportion to total income in 2017 68.47 7.89 60 86

Ecological cognition

X10: Awareness of the
hazards of over chemicals use

Do not know = 1; have heard of = 2;
know something = 3; know very well = 4 1.83 1.02 1 3

X11: Awareness of soil
environmental protection

policy

Do not know = 1; have heard of = 2;
know something = 3; know very well = 4 2.53 0.70 1 3

X12: Awareness on effect of
environment-friendly

technology
No = 1; little effect = 2; large action = 3; great effect = 4 2.28 0.50 1 4

The Impact of Environmental Policy

X13: Understanding of
ecological policy

1 = totally do not understand, 2 = do not understand, 3
= general,

4 = understand, 5 = fully understand
3.38 0.87 2 5

X14: Satisfaction with
ecological policy

1 = very dissatisfied, 2 = not very satisfied, 3 = general,
4 = satisfied, 5 = very satisfied 3.18 2.04 1 5

X15: Benefit 1 = significant decrease, 2 = slight decrease,
3 = constant, 4 = slight increase, 5 = obvious increase 3.42 0.98 1 5

Moreover, Heckman’s two-stage model can effectively solve the two-stage characteris-
tics [63,64] of environmentally friendly technology adoption and is conducive to unbiased
estimation [65]. The specific steps of the study are as follows: in the first stage, a probit
selection model is established. The probit selection model is used to estimate the possibility
of selection bias and calculate the inverse mills ratio (IMR). The function of IMR is to calcu-
late a value for each sample to correct the sample selection bias. If the IMR is greater than 0,
it indicates a selective bias in the sample. In the second stage, the estimated IMR of the first
stage is put into the regression model of the second stage together with other variables by
using the selective sample observations. Thus, the selection model’s self-selection problem
was modified in the first stage and reflected by IMR in the second stage. After that, with the
help of the Heckman sample selection model, the article estimates the farmers’ subjective
willingness to adopt environmentally friendly technology y1i and the degree of farmers’
adoption of environmentally friendly technology y2i and verifies the hypothesis. On this
basis, the study constitutes the interaction among the degree of ecological compensation,
capital endowment, and ecological cognition to verify whether they significantly impact
EFT adoption. Finally, the degree of farmers’ understanding, satisfaction, and benefits of

347



Int. J. Environ. Res. Public Health 2021, 18, 7571

ecological compensation policy were calculated and averaged. Then, the average value
was used as the grouping standard, and those below and above the average value were
divided into a group to examine the regulatory role of ecological compensation policy and
test its robustness.

Although Heckman’s two-step selection model can effectively solve the endogenous
problem caused by sample selection, it is very consistent with the two-stage technology
adoption process [66]. However, there may still be data quality problems in data collection
due to farmers’ lack of cooperation, and the model itself cannot solve these problems [67].
In addition, another major limitation of this methodology is that it is unable to carry out
extensive statistical inference, the research sample is based on a specific region, and the
research object is relatively single [68]. Finally, Heckman’s two-step selection model can
only solve the endogenous problem caused by sample selection but cannot solve missing
variables and reverse causality caused by other possible factors [69].

The sample selection model is used to deal with the above problems, which is
as follows:

y1i = X1iα + µ1i; y1i =

{
1 y∗1i > 0
0 y∗1i ≤ 0

(1)

y2i = X2iβ + µ2i; y2i =

{
b y1i > 0
0 y1i ≤ 0

(2)

E(y2i|y2i = c) = E
(
y2i

∣∣y∗1i > 0
)
= E

(
X2iβ + µ2i

∣∣X1jα + µ1i > 0
)

= E(X2iβ + µ2i|µ1i > −X1iα) = X2iβ + E(µ2i|µ1i > −X1iα)
= X2iβ + ρσµ2λ(−X1iα)

(3)

Equation (1) represents the selection equation, and Equation (2) represents the result-
ing equation. Where i represents the number of the grower; y1i represents the willingness
to adopt environmentally friendly technologies; y2i represents the degree of adoption of
technologies, which are the dependent variable; X1i and X2i are the independent variables
of the two equations; y∗1i is latent variables that cannot be observed; b indicates that several
technologies were adopted. The selection mechanism is as follows: only when y∗1i > 0, y2i
can be observed. Meanwhile, α and β are the parameters to be estimated µ1i and µ2i are
residual, consistent with the normal distribution.

The conditional expectation of farmers’ adoption of environment-friendly technology
is as follows:

In (3), where λ is the inverse mills ratio function. While ρ is the coefficient of correlation
of y1i and y2i, when ρ = 0, it means that y2i it will not be affected by y1i, and when 6= 0,
y2i will be affected by y1i. Therefore, there is an ample selection bias, σ denotes the
standard deviation.

4. Results and Analysis
4.1. Impact Analysis of Farmer’s Willingness to Adopt Environment-Friendly Technologies

The estimated results in Table 2 show that the ownership of agricultural machinery,
the cognition of environment-friendly technology to improve the ecological environment,
and the understanding of farmers’ ecological compensation policy have passed the positive
significance test of 10%. It shows that the more agricultural machinery owned by farmers
in the capital endowment, the higher the intensity of adopting environment-friendly
technology. In ecological cognition, the higher the awareness of environment-friendly
technology to improve the ecological conditions, the easier it is to adopt environment-
friendly technology, which further leads farmers to improve the ecological environment of
the orchard. As for the impact of ecological compensation policy, farmers are more likely to
adopt environment-friendly technology to improve the ecological environment. Farmers’
understanding of ecological compensation policies positively affects their willingness to
adopt environment-friendly technologies. Farmers need to pay a specific cost to adopt
environmentally friendly technologies. If they cannot get the compensation, farmers’ views
to adopt environment-friendly technologies will be affected. Therefore, understanding and
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mastering the ecological compensation policies can promote them to adopt environment-
friendly technologies.

Table 2. Model regression results.

Variable
Willingness to Adopt Degree of Adoption

Coefficient Standard Error Coefficient Standard Error

x1 Sex −0.214 0.150 −0.082 0.075
x2 Age −0.006 0.008 −0.002 0.004

x3 Education 0.036 0.021 0.003 0.009
x4 Duration of farming 0.005 0.012 0.034 0.005

x5 Scale −0.012 0.046 0.002 * 0.020
x6 Labor −0.076 0.047 0.011 0.026

x7 Machinery 0.138 * 0.080 0.019 0.040
x8 Family income 0.011 0.078 0.059 * 0.035
x9 Specialization −0.005 0.010 0.011 *** 0.004

x10: Awareness of
excessive use −0.011 0.072 −0.036 0.031

x11: Awareness of soil
protection policy 0.140 0.103 0.215 0.052

x12: Awareness on
improving effect 0.113 * 0.146 0.019 0.069

x13: Awareness of
ecological compensation 0.111 * 0.082 0.053 * 0.040

x14: Satisfaction with
ecological compensation −0.072 0.080 −0.057 0.038

x15: Satisfaction with
ecological compensation 0.083 0.076 0.015 0.037

x13: Awareness of
ecological compensation *

x5 Scale
— — 0.029 * 0.020

x13: Awareness of
ecological compensation *

x8 Family income
— — 0.042 * 0.155

x13: Awareness of
ecological compensation *

x9 Specialization
— — 0.011 * 0.017

x13: Awareness of
ecological compensation *

Awareness of soil
protection policy

x13: Awareness of
ecological compensation *

x12: Awareness on
improving effect

—
—

—
—

0.277 *
0.302 *

0.151
0.166

The constant 1.295 1.306 1.694 *** 0.575

Log-likelihood −440.6671
Wald chi2(15) 22.41

Note: *, **, and *** represent significant at 10%, 5% and 1% confidence levels, respectively.

4.2. Analysis of the Impact of the Adoption of Environment-Friendly Technologies

From the adoption degree perspective, the planting scale, family income level, and
a specialization degree in capital endowment have significant positive effects on farmers’
adoption of environment-friendly technologies. The larger the planting scale is for adopters,
the higher the utilization efficiency of adopting environment-friendly technologies will
be, and the adoption cost will be relatively reduced. In contrast, the high family income
level has been found crucial for farmers to adopt environment-friendly technologies. If
the farmer possessed higher income and specialized farming, the more likely they could
be willing to adopt the environment-friendly technology [21,70,71]. Thus, Hypothesis
1 holds, but Hypothesis 2 has not been quantified. Besides, the understanding degree
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of ecological compensation policy significantly positively affects the adoption degree of
farmers’ environment-friendly technology [22,72]. It indicates that an acceptable ecological
compensation policy can enhance farmers’ willingness to adopt environment-friendly
technology and help to improve the degree of farmers’ adoption of environment-friendly
technology. From the perspective of the interaction between ecological compensation
policy and farmers’ capital endowment and ecological cognition, the interaction coefficient
of farmers understanding of ecological compensation and planting scale, family income
level and specialization degree, soil environmental protection policy cognition, and en-
vironmental improvement effect cognition all have a positive impact on the adoption of
environment-friendly technology at the level of 10%. The results show that the ecological
compensation policy has a specific moderating effect on farmers’ capital endowment and
ecological cognition.

5. Discussion

To further verify the robustness of the estimation results, this paper measures the
ecological compensation policy variables and calculates the average value of the impact
of ecological compensation policy on farmers by calculating the degree of understanding,
satisfaction, and benefits of ecological compensation policy, which are parallel with Zhang
Yu et al. [50] and Huang Xiaohui et al. [51]. Then, the average values are used as the
grouping standard, and the groups below the average value and higher than the average
value are divided into a group. The Heckman model was then used to quantify the
influence of capital endowment and ecological cognition on the willingness and degree
of adoption of environment-friendly technology in the two groups. Finally, the ecological
compensation policy’s regulatory effect was investigated by examining the significant
changes of different variable coefficients in the two groups [45,46,73]. The specific analysis
results are shown in Table 3.

Table 3. Regression results of the robustness test.

Variable
High Group on Ecological Compensation Low Group on Ecological Compensation

Willingness to Adopt Degree Willingness to Adopt Degree

Coefficient Coefficient Coefficient Coefficient

X5: Scale
0.008 * 0.035 ** −0.002 0.032 *
(0.016) (0.208) (0.074) (0.020)

X7: Machinery 0.137 ** 0.012 0.116 0.052
(0.210) (0.056) (0.144) (0.056)

lnX8: Family income 0.028 0.042 ** −0.160 −0.013
(0.100) (0.247) (0.133) (0.055)

X9: Specialization 0.009 0.008 ** −0.016 0.004 **
(0.013) (0.206) (0.017) (0.007)

X12: Cognition of improving
environmental effect

0.078 ** 0.087 * −0.030 0. 017
(0.019) (0.012) (0.252) (0. 016)

The constant
−0.361 2.124 ** 6.272 ** 0.236
(1.767) (0.876) (2.518) (1.082)

Log likelihood −266.0604 −177.2996
Wald chi2(15) 24.46 27.46

Note: *, **, and *** represent significant at 10%, 5% and 1% confidence levels.

From the perspective of capital endowment, the group estimation results show that
the influence coefficient of planting scale, family income level, and specialization degree on
farmer’s adoption of environment-friendly technology has passed the significance test of
5%, and the regression results are consistent with the estimation results as shown in Table 2.
Further, the coefficients of the ecological compensation policy are affected by the more
extensive the scale of planting area, the higher the level of family income and the degree
of specialization of farmers, the higher the enthusiasm of farmers to adopt environment-
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friendly technology, and the more comfortable to benefit from the ecological compensation
policy, which is supported by Zhang et al. [74], Liu et al. [75] and Ke-Guo [76].

Seemingly, from the perspective of ecological cognition, the improved cognition
effect of environment-friendly technology has a significant impact on farmers’ adoption
of environment-friendly technology at the level of 10%, and the coefficient level of the
high group is affected by the ecological compensation policy greater than that of the low
group. It further verifies that the ecological compensation policy has a certain regulatory
effect on farmers’ ecological cognition. Thus, the findings are verified by the study of
Cai and Zhang [77], Home et al. [78], and Xuehai et al. [79]. However, it is worth noting
that farmers’ ecological cognition has no significant impact on adopting environment-
friendly technologies. This shows that the ecological compensation policy is conducive
to help the majority of farmers to improve their awareness regarding improving the
ecological environment [80–82]. Only if most farmers can acquire benefit from the process
of technology adoption will they be attracted more towards the positive impact on the
improvement of environment-friendly technology adoption in the future [78,83]. The
assumption is also supported by Yuanquan and Wangsheng [84] and Dezdar [85]. Therefore,
the government should continue to strengthen the ecological compensation policy and
provide full support to enhance the awareness-building activities such as training facilities,
boost the demonstration process, and massive circulation of the advantages of new and
improved eco-friendly technologies.

6. Conclusions

The environmentally friendly technology adoption may crucial for fostering sustain-
able development goals set by the United Nations (UN). The adoption decision is a complex
and dynamic phenomenon that could be affected by several factors. As per the core eco-
nomic thought, farmers could adopt the EFT if they possessed enough capital endowment
and the possibilities of economic benefit. Moreover, the proactive policy supports may
also have significant impacts to improve the adoption tendencies. Within these circum-
stances, the article has been quantified by three pillars—capital endowment, ecological
cognition, and ecological compensation policy and evaluated the impacts of those to fos-
ter environmentally friendly technology under the premise of maximizing profit. More
specifically, the article explored the impacts of capital endowment and ecological cognition
for facilitating EFT employing green preventions and control, efficient soil improvement,
and low input production technologies. It also evaluated the underlying factors of human
and material aspects of capital endowments for EFT adoption. Further, it also covered the
factors associated with adoption willingness and degree of adoption to understand better
the willingness and the actual adoption intensity of EFT.

The article utilized a dataset of 471 apple farmers extracted from a survey from
nine counties of Shandong province to craft its findings. Overall, farmers positively
responded to adopting environment-friendly technologies. However, there were significant
differences in adopting the three kinds of environment-friendly technologies. The soil
improvement technology was triggered the highest by comprising the adoption level of
87.26%, the middle rate of application was found for reduction and efficiency enhancement
technology (54.26%). However, the lowest was found at 18.47% in terms of green pest
control and management technologies. Whereas 52.02% of farmers adopted two kinds of
environment-friendly technologies, 23.99% of farmers adopted three environment-friendly
technologies. The study traces a positive connection between capital endowment and
ecological cognition and reveals significant moderating effects of ecological compensation
policy for facilitating EFT. From the perspective of capital endowment, the planting scale,
family income level, and specialization degree have significant positive effects on adopting
environment-friendly technology. The understanding of ecological compensation policy
has a significant positive impact on farmers’ adoption of environment-friendly technology.
Hence, the article’s findings will help formulate and implement relevant agricultural
policies as it provided a theoretical basis for adopting environment-friendly technologies

351



Int. J. Environ. Res. Public Health 2021, 18, 7571

for orchards, especially apple farmers. Furthermore, this article is helpful to further research
to understand the mechanism of the adoption of environmentally friendly technologies.

This paper draws the following policy recommendations: (i) as human capital is an
integrated part of the capital endowment, the human capital empowering tactics such
as training and demonstration facilities should be extended. Furthermore, to improve
the farmer’s materials aspects of capital endowment, modern machinery and improved
technologies should be introduced to harness the potentialities of modern science and
technology. (ii) It is necessary to strengthen the information circulating facilities and edu-
cation regarding rural non-point source pollution and the hazards of those within rural
communities, to improve the cognitive level of the majority of farmers to participate in
green development. Awareness-building campaigns should also be implemented to make
farmers fully realize the importance of adopting environment-friendly technology in im-
proving the ecological environment of the orchard, improving land fertility, and improving
fruit quality. In addition, the potentialities of EFT should be highlighted among rural
farmers, which will eventually improve the cognition level of farmers. (iii) Ecological com-
pensation should be utilized by extending the existing agricultural subsidy policy for green
development. Especially, instead of providing chemical fertilizer subsidies, the government
should implement rewards programs for those who intend to or already utilize organic-
based fertilizers and pesticides. (iv) The financial institutions and farmer’s organizations
such as agricultural cooperatives should provide more financial support introducing new
and innovative technologies, which could play a significant role in shaping cognition and
improving access towards material aspects of capital endowments. Productivity may be
increased by using environmentally friendly technology, which is also viable towards the
farm’s profitability. Not essentially all the profitable technologies must be adopted by
the farmers since barriers to practice innovative technologies and market uncertainty for
environmental attributes interlinked with green technologies limit their effectiveness. The
adoption and diffusion of alternative practices are also influenced by the factors such as the
size of the farm, economic risk, and geographical location. It should be one of the crucial
issues for policy consideration.

Apart from the monetary tools (direct subsidies), the government should emphasize
indirect subsidies (insurance, low-interest loans, accelerated depreciation, rent rebates).
The direct and indirect benefits of environmentally friendly technology, such as enhancing
the ecological environment and biodiversity of the orchard, improving soil fertility and
fruit quality, should also be highlighted and demonstrated among the farmers. Moreover,
a sound interaction of e-commerce and value chain network facilities should also be imple-
mented to make farmers fully utilize the betterment of modern science and technology. The
social supports and obligations should also be prioritized, aligned with the other monetary
incentives. The formal and informal risk-sharing organizations should also prioritize their
scheme regarding risk minimizations and diffusions. This might be helpful to improve the
cognition level and willingness of farmers to adopt environment-friendly technology.

Although the study revealed that the ecological compensation policy is helpful to
trigger the majority of fruit growers to improve their understanding regarding EFT, how
and to what extent the compensation policy triggers the adoption of EFT should be explored
more distinctively. For example, if potential researchers could have traced whether there
are any specific effects of several subsidies (subsidies per hectors or subsidies regarding
modern equipment) for adopting EFT. Furthermore, the study focuses only on a single
region with specific types of farmers; if more depth studies with several regions are
combined, it would be more interesting. In addition, the social network will have a
certain impact on the adoption of environment-friendly technology by influencing farmers’
information acquisition; the potential researchers should include this crucial factor into the
core variable. Finally, as there are differences in the suitable orchard planting environment
and planting scale of various environment-friendly technologies, further studies should
trigger the specific planting environment and planting scale of various environment-
friendly technologies combined with the social network in the future.

352



Int. J. Environ. Res. Public Health 2021, 18, 7571

Author Contributions: Conceptualization H.W. and X.W.; data curation H.W. and X.W.; formal
analysis H.W. and F.Z.; investigation H.W. and X.W.; resources A.S. and F.Z.; software H.W. and A.S.;
validation H.W., X.W. and A.S.; writing—original draft H.W., X.W. and A.S.; writing—reviewing and
editing A.S., X.W. and F.Z.; funding acquisition F.Z. and H.W.; resources and supervision F.Z. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by (i) “Research on Multidimensional Control Mechanism of
Quality and Safety of Fruits and Vegetables Agricultural Products in the Context of the Internet
(No.: ZR2018MG013), the program of Shandong 434 provincial natural fund” (ii) Research on the
Realization Path of Enabling High-quality Development of Agriculture in 436 Shandong Province,
(No.: 20CSDJ44), the project of social science planning and research of Shandong Province. (iii)
Research on demand induction mechanism of Conservation Tillage Technology: organizational
support, inter-temporal selection, and incentive effect (No.: 7197030867), The program of National
Natural Science Foundation of China.

Institutional Review Board Statement: As the study does not involve any personal data and the
respondent was well aware that they can opt-out anytime during the data collection phase, any
written institutional review board statement is not required.

Informed Consent Statement: As the study does not involve any personal data and the respondent
was well aware that they can opt-out anytime during the data collection phase, any written Informed
Consent Statement is not required.

Data Availability Statement: The associated dataset of the study is available upon request to the
corresponding author.

Acknowledgments: The author(s), are grateful to Asfikur Rahman, faculty member, School of Social
Science, Khulna University, and Saleh Mohammad Shariar, College of Economics and Management,
Northwest A&F University, for critically reviewing the study and valuable inputs for improving the
quality of the study. We extend our gratitude to Rob Gilles, Queens Management School, Queens
University Belfast, for the help with the study’s presentation improvement.

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

References
1. Zuo, L.; Zhang, Z.; Carlson, K.M.; MacDonald, G.K.; Brauman, K.A.; Liu, Y.; Zhang, W.; Zhang, H.; Wu, W.; Zhao, X.; et al.

Progress towards Sustainable Intensification in China Challenged by Land-Use Change. Nat. Sustain. 2018, 1, 304–313. [CrossRef]
2. Wang, X.; Dou, Z.; Shi, X.; Zou, C.; Liu, D.; Wang, Z.; Guan, X.; Sun, Y.; Wu, G.; Zhang, B.; et al. Innovative Management

Programme Reduces Environmental Impacts in Chinese Vegetable Production. Nat. Food 2021, 2, 47–53. [CrossRef]
3. Veeck, G.; Veeck, A.; Yu, H. Challenges of Agriculture and Food Systems Issues in China and the United States. Geogr. Sustain.

2020, 1, 109–117. [CrossRef]
4. Smith, E.; KIein, K.K. Development and Adoption of Dryland Cropping Technologies in Hebei Province of Northern China. Can.

J. Agric. Econ. Rev. Can. Dagroecon. 2000, 48, 573–583. [CrossRef]
5. Huang, W.; Jiang, L. Efficiency Performance of Fertilizer Use in Arable Agricultural Production in China. China Agric. Econ. Rev.

2019, 11, 52–69. [CrossRef]
6. Hu, Y.; Su, M.; Wang, Y.; Cui, S.; Meng, F.; Yue, W.; Liu, Y.; Xu, C.; Yang, Z. Food Production in China Requires Intensified

Measures to Be Consistent with National and Provincial Environmental Boundaries. Nat. Food 2020, 1, 572–582. [CrossRef]
7. Bryan, B.A.; Gao, L.; Ye, Y.; Sun, X.; Connor, J.D.; Crossman, N.D.; Stafford-Smith, M.; Wu, J.; He, C.; Yu, D.; et al. China’s

Response to a National Land-System Sustainability Emergency. Nature 2018, 559, 193–204. [CrossRef]
8. El Bilali, H.; Allahyari, M.S. Transition towards Sustainability in Agriculture and Food Systems: Role of Information and

Communication Technologies. Inf. Process. Agric. 2018, 5, 456–464. [CrossRef]
9. Selvi, S.; Karthikeyan, R.; Vanitha, U. Organic Farming: Technology for Environment-Friendly Agriculture. In Proceedings of the

IEEE-International Conference On Advances In Engineering, Science And Management (ICAESM-2012), Nagapattinam, India,
30–31 March 2012; pp. 132–136.

10. Pretty, J.; Benton, T.G.; Bharucha, Z.P.; Dicks, L.V.; Flora, C.B.; Godfray, H.C.J.; Goulson, D.; Hartley, S.; Lampkin, N.; Morris,
C.; et al. Global Assessment of Agricultural System Redesign for Sustainable Intensification. Nat. Sustain. 2018, 1, 441–446.
[CrossRef]

11. Frank, S.; Havlík, P.; Stehfest, E.; van Meijl, H.; Witzke, P.; Pérez-Domínguez, I.; van Dijk, M.; Doelman, J.C.; Fellmann, T.;
Koopman, J.F.L.; et al. Agricultural Non-CO2 Emission Reduction Potential in the Context of the 1.5 ◦C Target. Nat. Clim. Chang.
2019, 9, 66–72. [CrossRef]

12. Eisenstein, M. Natural Solutions for Agricultural Productivity. Nature 2020, 588, S58–S59. [CrossRef]

353



Int. J. Environ. Res. Public Health 2021, 18, 7571

13. Hofmann, T.; Lowry, G.V.; Ghoshal, S.; Tufenkji, N.; Brambilla, D.; Dutcher, J.R.; Gilbertson, L.M.; Giraldo, J.P.; Kinsella, J.M.;
Landry, M.P.; et al. Technology Readiness and Overcoming Barriers to Sustainably Implement Nanotechnology-Enabled Plant
Agriculture. Nat. Food 2020, 1, 416–425. [CrossRef]

14. Horton, P.; Long, S.P.; Smith, P.; Banwart, S.A.; Beerling, D.J. Technologies to Deliver Food and Climate Security through
Agriculture. Nat. Plants 2021, 7, 250–255. [CrossRef] [PubMed]

15. Scialabba, N.E.-H. Greening the Economy with Agriculture; FAO: Rome, Italy, 2012.
16. Kliestik, T.; Valaskova, K.; Nica, E.; Kovacova, M.; Lazaroiu, G. Advanced Methods of Earnings Management: Monotonic Trends

and Change-Points under Spotlight in the Visegrad Countries. Oeconomia Copernic. 2020, 11, 371–400. [CrossRef]
17. Bukchin, S.; Kerret, D. Character Strengths and Sustainable Technology Adoption by Smallholder Farmers. Heliyon 2020, 6, e04694.

[CrossRef]
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Abstract: Background: Nowadays the food production, supply and consumption chain represent a
major cause of ecological pressure on the natural environment, and diet links worldwide human health
with environmental sustainability. Food policy, dietary guidelines and food security strategies need
to evolve from the limited historical approach, mainly focused on nutrients and health, to a new one
considering the environmental, socio-economic and cultural impact—and thus the sustainability—of
diets. Objective: To present an updated version of the Mediterranean Diet Pyramid (MDP) to reflect
multiple environmental concerns. Methods: We performed a revision and restructuring of the
MDP to incorporate more recent findings on the sustainability and environmental impact of the
Mediterranean Diet pattern, as well as its associations with nutrition and health. For each level
of the MDP we provided a third dimension featuring the corresponding environmental aspects
related to it. Conclusions: The new environmental dimension of the MDP enhances food intake
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recommendations addressing both health and environmental issues. Compared to the previous 2011
version, it emphasizes more strongly a lower consumption of red meat and bovine dairy products,
and a higher consumption of legumes and locally grown eco-friendly plant foods as much as possible.

Keywords: Mediterranean diet; Mediterranean diet pyramid; sustainable diets; sustainability;
environmental concerns; nutrition; food-based dietary guidelines

1. Introduction

The global population is constantly increasing and, according to estimates, from 7.7 billion people
worldwide in 2019 it could rise to around 8.5 billion by 2030 and up to 9.7 billion by 2050 [1]. Feeding
this global population with healthy food will be a growing concern for governments. Adequate
nutrition is not only a survival issue, but is also highly related to the environment and its fragile balance.
Food production is the major cause of global environmental change: agriculture occupies about 40%
of global land [2], and food production is responsible for up to 30% of global greenhouse gas (GHG)
emissions [3] and 70% of freshwater use [4,5]. In other words, diets link worldwide human health with
environmental sustainability [6]. Thus, providing an increasing world population with a healthy and
sustainable diet represents a major challenge [6]. Food policy, dietary guidelines and food security
measures need to move from the traditional approach focused primarily on nutrients and health, to one
that takes into consideration sustainability, and its environmental, economic and social dimensions [7].
This also needs to reflect food system factors influencing dietary choices, with their various implications
for policy interventions and actions in education, agriculture and the food industry, among others [8,9].
The Mediterranean Diet (MD) has been presented as part of the solution [9,10].

Over the past 50 years, the notion of the MD has undergone a progressive evolution. The limited
perception of the MD solely as a healthy dietary pattern [11] has been extended to portray a
sustainable dietary pattern embracing the important socio-cultural, economic and environmental
benefits of the diet [3,12]. This was done primarily by linking food consumption with production
and distribution [13,14], three aspects which are among the main causes of ecological pressure on the
natural environment [10]. The MD as a traditional dietary pattern is rich in plant-based foods (cereals,
legumes, nuts, fruits, vegetables and herbs) and low in red and processed meat. It includes a moderate
intake of fish, seafood, eggs, white meat and dairy products, a moderate intake of alcohol (mainly wine
during meals, where culturally acceptable) and olive oil as the main source of added fat [11,14]. Since
the 1960s, increasing evidence has shown the protective effect of the MD for cardiovascular diseases,
metabolic syndrome, diabetes mellitus, and certain neurodegenerative disorders and cancers [15–22].
However, it has also recently been observed that dietary patterns such as the MD, rich in plant-based
foods and low in animal foods are healthier and exert a lower impact on the environment [23–26].

Indeed, the Mediterranean Diet Pattern (MD-P) has been shown to have a better ecological
footprint than current dietary habits in industrialized countries, particularly when compared to the
Western dietary pattern [25,27–30]. This is mainly due to the higher consumption of local and in-season
plant-derived foods and lower consumption of animal products. Yet, unfortunately, the current dietary
pattern in many Mediterranean countries has shifted from the traditional MD-P. A return to the latter
would be beneficial for human health and the natural environment. This can be explained by the
fact that the MD is not only a model of cultural food choices, cooking methods, meal patterns and,
more broadly, a lifestyle [31–34]; it is also a sustainable framework that attenuates the environmental
pressure of food production and consumption [35–40]. A broader adherence to this dietary model
would make a significant contribution to greater sustainability of the food system (from producer to
consumer), with a myriad of benefits for human and planetary well-being [41].

The transition from the currently consumed diet in most European Mediterranean countries
towards a traditional MD-P requires substantial changes in consumers’ values, education and choices.
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Improvements would also be required in the training of primary care and nutrition professionals [42],
as well as changes in agri-food and fishing industry practices, public catering supply, trade policies
and areas of research to inform policy and practice. Thus, many stakeholders need to be involved
in this change process in order to reach a convergence of the health sector, food production systems
and consumer demands. Using a common practical, flexible and science-based graphical guide to
illuminate the process would be both efficient and acceptable to all involved.

The aim of the present work is to refine the Mediterranean Diet Pyramid (MDP) with particular
attention to the environmental impact of food and based on a consensus between experts in the field.
While non-prescriptive from a nutritional (as in specific food) point of view, this update aims to foster
the debate about food chain sustainability and to promote the necessary changes for a healthier life,
both for humankind and for the planet.

2. Materials and Methods

2.1. A Historical Overview

The first graphical representation of the (traditional) MDP was developed in 1993 in collaboration
with Oldways, Harvard University and the World Health Organization (WHO) [11]. The 1993 MDP
was updated in 2009 and 2010 by a group of experts, including one author of the 1993 MDP (AT),
as part of this long-standing collaboration. This update was coordinated by the Mediterranean Diet
Foundation in collaboration with the Forum on Mediterranean Food Cultures, the Hellenic Health
Foundation, the Hebrew University, the International Commission on the Anthropology of Food
and Nutrition (ICAF), the Centre International de Hautes Etudes Agronomiques Méditerranéennes
(CIHEAM), the Centro Interuniversitario Internazionale di Studi sulle Culture Alimentari Mediterranee
(CIISCAM), the Federation of European Nutrition Societies (FENS), the Federation of African Nutrition
Societies (FANUS) and the International Union of Nutritional Sciences (IUNS). This review gathered
and updated recommendations considering the lifestyle, dietary, socio-cultural, environmental and
health challenges that the current Mediterranean populations were facing [14]. The traditional MDP
being used at that time was significant as it was intended not only to provide dietary guidance
to meet nutritional needs, but also to describe a healthy and sustainable lifestyle using a simple,
practical framework which could be adapted to the different cultural and socio-economic contexts of
the countries in the Mediterranean region [14]. In 2010, the international symposium “Biodiversity and
sustainable diets: united against hunger”, was held in Rome at the Food and Agriculture Organization
(FAO), during which a consensus position on a definition of “sustainable diets” was reached, with
an entire program session devoted to the MD as an example of a sustainable diet (FAO/Biodiversity,
2012). Subsequently, at the end of 2010, the MD was recognized as an Intangible Cultural Heritage of
Humanity by the United Nations Educational, Scientific and Cultural Organization (UNESCO) [31].

After this watershed and historical moment, the MDP continued to be developed as has been
outlined in Figure 1. In 2011, an international FAO/CIHEAM workshop was organized to assess the
sustainability of the MD model in the Mediterranean region, considering its four dimensions and
impacts: health and nutrition, environment including biodiversity, economy, and socio–cultural factors.
Initially, a comprehensive list of 74 potential indicators was compiled (FAO/CIHEAM, 2012); this was
later reduced to 24 indicators, which was deemed more feasible considering the availability of data
sources and the methodological approaches developed. Then from 2013–2015 an international working
group from different institutions collaborated to identify 13 nutritional indicators with which to assess
the sustainability of a healthy diet, using the MD as a case study and the 2011 MD pyramid model as
a reference [43]. In November 2014, the International Mediterranean Diet Foundation (IFMeD) was
founded by a group of previous MDP co-authors. The goal was to establish an international center of
multi-disciplinary knowledge and expertise, with the objective to revalorize and enhance the MD as a
healthy and sustainable lifestyle model, adapting it to current socio-economic and cultural changes, as
well as preserving and enhancing it as an intangible cultural heritage of humankind.
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As a follow up of these collaborative efforts, the Med Diet 4.0 framework was presented
at the Milan 2015 EXPO to valorize the MD as a dietary pattern with multiple sustainability
benefits and country-specific variations, embodying the following characteristics: (1) recognized
and well-documented major health and nutrition benefits, in the prevention of chronic diseases and in
reducing public health costs as well as in the overall improvement of well-being; (2) low environmental
impacts and richness in biodiversity, appreciation of biodiversity value, reduction of pressure on
natural resources and mitigation of climate change; (3) high positive local economic returns, sustainable
territorial development, reduction of rural poverty, and high performance in reduction of food waste
and loss; (4) high social and cultural value of food, growth of mutual respect, identity recovery,
social inclusion and consumer empowerment. The Med Diet 4.0 framework was released as a joint
contribution of the IFMeD scientific committee [13].

IFMeD then continued this consultation process with the goal of establishing an updated consensus
position on a newly revised representation of the MD pyramid that incorporated recent scientific
evidence highlighting the benefits of the MD as a sustainable and healthy diet. In this exercise
IFMeD sought to involve those nutrition, health and socio- culture experts who had been involved
in the previous revision of the MDP, as well as new authorities on the subject and a broader expert
view. Greater attention was given to environmental issues such as climate change, use of land,
use of water, protection of seas and waterways, sourcing and distribution of food, respect for food
producers and communication of the value of the MD as a diet in line with scientific environmental
recommendations. With this in mind, the first MD world conference “Revitalizing the Mediterranean
Diet: from a healthy dietary pattern to a healthy Mediterranean sustainable lifestyle” was organized
by IFMeD in Milan on July 2016, and provided a major opportunity to continue this consensus process
supporting sustainability and ‘respect’ for the planet. Sustainability and the MD were then addressed
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more comprehensively in the second MD world conference “Strategies toward more sustainable food
systems in the Mediterranean region: the Mediterranean Diet as a lever for bridging consumption
and production in a sustainable and healthy way”, organized by CIHEAM-Bari and the Forum on
Mediterranean Food Cultures in Palermo, in May 2019.

During the latter half of 2019 and early 2020, further online consultations were held in order to
reach consensus regarding an updated MDP. At the same time, the current scientific literature was also
examined. The proposed new graphical representation of the MDP responds to the need for a common
framework among Mediterranean countries in the form of food-based dietary guidelines [44] which are
in line with the 2010 definition of sustainable diets elaborated by FAO [45]. Moreover, it embodies the
result of a continuous and rigorous process of consensus building between all relevant stakeholders.

2.2. Consensus on an Updated Graphical Representation of the Mediterranean Diet Pyramid

This revision fostered an interdisciplinary dialogue among scientists and experts in public
health nutrition, food science, dietetics, social anthropology, sociology, cultural heritage, family and
consumer sciences, agriculture, resource management and environmental sciences in order to provide
a unified representation of the MD as a sustainable dietary pattern encompassing the entirety of the
Mediterranean area. This new revision of the MD Pyramid is created by scientific consensus among
experts and is grounded in evidence from research in the fields of nutrition, health and environmental
issues. However, it should be emphasized that the MDP described here is not prescriptive. Rather, we
suggest that each country uses the basic updated MDP and the recommendations aligned with it as an
aid to developing their own guidelines suited to their food systems and culture-rooted cuisines.

3. Results

3.1. The Updated Mediterranean Diet Pyramid

This new graphical representation was conceived as a simplified pyramid framework, to be
adapted by different countries in the Mediterranean region to their geographical, socio-economic and
cultural contexts, dietary needs and meal patterns. The recommendations target the healthy adult
population (18–65 years old) and should be modified to meet the special nutritional needs and diets
of children, pregnant women, elderly, and individuals with health problems such as cardiovascular
diseases. In this updated pyramid, food items at the base of the pyramid continue to contribute
the highest intake levels in terms of grams/day. Animal protein sources are positioned to suggest
a lower frequency of consumption and contribution to total intake, having been shifted from daily
to weekly consumption. The top of the pyramid presents both animal and sugar-rich foods that
should only be consumed occasionally (e.g. red and processed meat, pastries and sweets). Preference
for local, seasonal, fresh and minimally processed food is emphasized, supporting biodiversity and
eco-friendly and traditional foods. The novelty of the updated MDP lies in its third dimension as
shown in Figure 2. This represents the environmental impact of the food items included, as well as
aspects of food production sustainability.
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3.2. Meal Composition

Main meals consumed daily should be a combination of three elements: cereals, vegetables and
fruits, and a small quantity of legumes, beans or other (though not in every meal). Cereals in the form
of bread, pasta, rice, couscous or bulgur (cracked wheat) should be consumed as one–two servings per
meal, preferably using whole or partly refined grains. Vegetable consumption should amount to two
or more servings per day, in raw form for at least one of the two main meals (lunch and dinner). Fruit
should be considered as the primary form of dessert, with one–two servings per meal. Consuming a
variety of colors of both vegetables and fruit is strongly recommended to help ensure intake of a broad
range of micronutrients and phytochemicals. The less these foods are cooked, the higher the retention
of vitamins and the lower use of fuel, thus minimizing environmental impact.

The highlighted triad of elements for the main meals constitutes the core of the MDP, is based on
plant foods, and is responsible for the prevention of numerous chronic diseases and for healthy weight
management, as well as for reduced use of natural resources and GHG emissions [22]. Plant foods
produced by agro-ecological methods (free from chemical pesticides) can markedly minimize human
and nature’s exposure to pesticides [46]. The preference should always be for fresh, seasonal and
minimally processed vegetables and fruits. Similarly, choosing local cereal-based products (i.e., bread,
couscous, polenta, pasta, rice etc.) when possible and available will support the local economy and
reduce the ecologic impact of the production chain.

Agriculture has historically shaped the rich biodiversity heritage of European Union (EU)
countries, including those of the South, but over the last decades this synergistic relationship has been
undermined [47]. This is why the sustainable management of natural resources is now part of the
objectives of the EU’s Common Agricultural Policy agenda, focused on protecting biodiversity and
the environment within agriculture [48–50]. Food consumption and production have implications
for both land use and GHG emissions [51]. In 2017 the total GHG emissions in the EU’s 28 member
states (EU-28) were 4483 million tons of CO2 equivalents, of which agricultural practices represented
around 10% [52]. At the same time, the quantity and type of food consumed directly influences land
use. Overall, scientific evidence now supports the general concept that a plant-based diet, compared to
the current widely consumed animal food-based diet (especially rich in ruminant foodstuffs), markedly
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minimizes land, water and resources use for production, along with reducing GHG emissions. Such a
diet appears to have significant potential for ensuring food security for all, reducing impacts on climate
change and facilitating the realization of the 2030 UN Sustainable Development Goals, as discussed
below [53].

However, the nature of this land-food/diet relationship depends on other factors, such as
population growth, agricultural productivity, land ownership and investment patterns, as well as land
use efficiency [54]. A major limitation to addressing these issues consists of the difficulty in obtaining
such estimates for each country.

Olive Oil

Olive oil should be the principal source of dietary lipids. Due to its composition and resistance to
high temperatures, Extra Virgin Olive Oil (EVOO) is recommended both for cooking and dressing
food. Traditionally, in the Mediterranean region, vegetables, other plant foods and staple starchy foods
served at principal meals, including pasta, potatoes or rice, are cooked with olive oil, thus amplifying
their nutritional value. EVOO has been reported to have a key role in the primary prevention of
cardiovascular diseases [18,55] and is inversely associated with certain cancers [56–59].

Olive production (for use as oil or as olives) represents a significant utilization of land in the
southern regions of the EU, particularly Spain (2.4 million ha), Italy (1.4 million ha), Greece (1 million ha)
and Portugal (0.5 million ha) [60]. According to the International Olive Council (IOC), the production
of table olives in the EU during 2019–2020 was 808.4 (×1000) tons, of which 500 were in Spain, 207
in Greece, 74.1 in Italy and 22.5 in Portugal. Of note, among the other countries of the IOC, Egypt
produced 690, Turkey 414, Algeria 300 and Morocco 130 (×1000) tons of table olives [61]. In the olive
sector, the negative environmental effects of intensification could be reduced considerably by means of
sustainable farming practices. Moreover, with appropriate support, traditional low-input plantations
could continue to maintain important natural and social values in marginal areas [60]. On the other
hand, several studies [62,63] have shown that olive oil production is associated with adverse effects on
the environment during the fruit growth and olive oil production phases. For this reason, it is crucial
to identify those phases with greater environmental impacts in order to minimize their effects [62,63].
On a positive note, olive trees are a barrier to desertification and erosion and olive orchards are a CO2

sink, removing CO2 from the atmosphere and fixing it in the soil. In the production of 1 L of olive oil,
olive trees remove 10 kg of CO2 from the atmosphere [64].

It is relevant here to discuss palm oil, an industrial alternative to olive oil in the Mediterranean
countries. Due to its properties, it is used in many commercial products (e.g., processed foods, cosmetics,
biofuels). Globally, palm oil cultivation has increased in the past years, resulting in deforestation
(particularly in Indonesia and Malaysia), biodiversity loss, and net GHG emissions. However, Europe
remains the leading market for sustainably sourced palm oil, although progress on the number of
voluntary initiatives and commitments by industry has been slow [65].

3.3. Daily Intake

3.3.1. Olives, Nuts and Seeds

Olives (apart from olive oil), nuts and seeds should be present on a daily basis since they are
good sources of unsaturated healthy fats, minerals, vitamins and fiber as well as other compounds
with antioxidant potential that contribute to general well-being [66]. Nuts have an important role
in the primary prevention of cardiovascular and other diseases [18]. Nuts and olives are high in
monounsaturated fatty acids contributing to a desirable monounsaturated/saturated fats ratio. A
reasonable consumption (i.e., a handful) of nuts and seeds (minimally salted or unsalted) represent a
healthy snack choice, offering plant protein and having good satiety value, amongst others. If possible,
locally produced nuts, seeds and olives should be opted for.
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3.3.2. Herbs, Spices, Garlic and Onions

Herbs, spices, garlic and onions give dishes flavor, increasing palatability while allowing for a
reduction in salt use. They constitute, to different degrees, a source of multiple micronutrients and
antioxidant compounds helping to enrich the dishes they are used in. These foodstuffs are staples
in many countries in and around the Mediterranean basin and contribute to the regional cultural
identities and culinary specialties (e.g., “sofrito” in Italy and Spain and “ladera” in Greece).

3.3.3. Legumes

As indicated earlier, in this updated MDP, preference is given to plant protein sources such as
legumes, though animal protein sources low in saturated fats, such as fish, poultry, rabbit and certain
lean meats, as well as eggs, are allowed in reasonable amounts. Thus, a daily amount of plant protein
sources should be prioritized (at least one small serving per day). Indeed, in this update, legumes have
been incorporated into the category of daily consumption. There is no health reason to limit legumes
consumption, but there are a number of environmental reasons to increase it. Legumes may substitute
animal protein foods in the diet, decreasing the environmental impact of the current MD. Legumes
also help to fix atmospheric nitrogen in the soil, improving soil fertility and reducing dependence on
energy-intensive or artificial fertilizers. Legumes share some of the health attributes of vegetables with
respect to micronutrients and also provide large amounts of protein and soluble fibers. Although of
moderate quality, their protein content can be improved if combined with cereals. Legumes are highly
satiating with a low glycemic index and glycemic load and the soluble fibers help in controlling blood
glucose and cholesterol levels. The versatility of legumes enhances their culinary value. They may be
bought dried and then cooked or bought fresh or frozen. Fresh legumes are seasonally available, while
frozen and dried versions are available all year round.

3.3.4. Dairy Products

Milk and dairy products should be consumed on a daily basis in a moderate amount (maximum of
two servings per day). Traditionally, in the Mediterranean region, the most consumed dairy products
were in the form of yogurt and cheese (particularly from sheep’s milk) and these should continue to be
consumed in moderation. Dairy products like milk, cheese and yogurt have numerous benefits for
bone and muscle health, as they are a source of proteins, calcium and micronutrients. Moreover, due to
their probiotic content, they boost digestive tract health and positively affect the microbiome [67,68].

However, dairy products together with meat represent a major concern because of their
environmental impact. Dairy farming in the EU is becoming more intensive and more specialized, with
imported grains and soybeans being used as feed. There is a move towards fewer and larger farms,
except where national authorities actively intervene to help maintain small producers or promote
organic production [69]. These trends lead to problems regarding atmospheric, land and water
pollution (e.g., from transportation and animal waste) and put pressure on marginal habitats and
landscape features, biodiversity and soil integrity. Thus, eating a variety of dairy products and, as
much as possible, milk and dairy products from small producers and local farmers should be preferred,
as well as consuming organic products. This will help to reduce the environmental impact of these
products (i.e., harm to soil quality, or impacts from packaging and transport), sustain the local economy,
and yield better quality products, as grazing leads to better lipid profiles in milk.

3.4. Weekly Intake

Fish and seafood are integral to the MD and a varied consumption (oily fish, lean fish and shellfish)
is recommended based on local availability and culinary traditions. Not only are they important
sources of proteins, but Mediterranean Sea fish, such as sardines and others, are rich in omega-3
fatty acids—eicosapentaenoic acid (EPA) and docosahexaenoic (DHA)—reported to reduce the risk of
coronary heart disease and to have anti-inflammatory properties [70]. Yet fish and shellfish are largely
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a wild resource that is at risk of being depleted; therefore, adequate management is needed in order to
maintain fish stocks [71]. Apart from seeking sustainably sourced and captured wild fish, aquaculture
can be considered as an alternative. Aquaculture fish have equally valid nutritional characteristics,
though the lipid profile may be altered due to the feed [72]. Moreover, aquaculture production is
now often being redesigned to take on a circular economy approach where waste is reused for other
functions, such as feeding plants in aquaponics, or creating energy [73].

Poultry and eggs are also included in the MDP. Poultry provides high quality protein and does not
contain the high levels of saturated fat found in red meat. Whole eggs, including those used for cooking
or baking, should not exceed four per week. Poultry meat and eggs have moderate impacts on natural
resources and environment. Organically produced varieties should be sought, as animal welfare is
safeguarded, and this also helps to enrich the soil where these animals roam and deposit waste.

A key recommendation concerns red and processed meats. Red meats should be eaten less
frequently (≤2 servings/week), preferably as lean cuts. Similarly, processed meat consumption should
also be limited (≤1 serving/week). Both red and processed meats should be seen as a condiment to add
palatability to dishes and recipes, and not as the main item in a dish- a common characteristic in the
Western dietary pattern. Intake of meat, particularly red and processed meats, has been consistently
associated with certain chronic diseases (i.e., increased risk of type 2 diabetes, cardiovascular disease,
cancer) and all-cause mortality [74,75]. Thus, a decrease in consumption is beneficial for multiple health
reasons. Moreover, this decrease also has high environmental value. In fact, most of the estimated
global GHG emissions deriving from agriculture and land use come from livestock production.
The process of raising ruminants produces significant amounts of methane, a GHG with detrimental
global warming potential. Moreover, livestock production affects land use and GHG emission in
different ways: deforestation for grazing land and cropland for soy-feed production, soil carbon loss in
pastures, energy required for growing feed-grains and processing and transporting grains and meat,
NO releases from the use of nitrogenous fertilizers, and gases from animal manure (especially methane)
and enteric fermentation [54,76]. In the future, if acceptability is tackled, alternative protein sources
could potentially be in the form of sustainable novel foods such as insects and jellyfish.

Finally, at the top of the MDP, one finds that high fat and/or high sugar sweets, pastries and
beverages are represented. Sweets and ultra-processed high sugar, high fat, foods and drinks should
be consumed in small amounts and only occasionally. They should be limited to maximum one–two
servings per week or reserved for special occasions and celebrations. Sweetness in the diet should
preferably be added with fresh and, to a lesser extent, dried fruits, honey or carob syrup. Of note,
a lower consumption of highly processed long shelf life sweets, pastries and snacks may contribute to
less use by the food industry of palm fats, which are typical ingredients in such foods, and which as
described earlier are harmful to the environment unless sustainably produced.

3.5. Drinks and Fluid Balance

3.5.1. Water

Water and non-sweetened beverages (1.5–2 L per day, corresponding to an average amount
of six–eight servings per day), in addition to water from food are essential to preserve body water
balance and maintain an active lifestyle. According to the European Food Safety Authority (EFSA),
the reference values for adequate water intake are 2.0 and 2.5 L per day for adult females and males,
respectively [77]. These values include drinking water, water from other beverages and water present
in food, and apply to individuals engaging in moderate physical activity levels and are at moderate
ambient temperature. Water requirements may vary according to age, personal clinical/health status,
physical activity intensity, weather and other environmental conditions. Water should be consumed
freely, preferably from the tap, according to hygienic safety. Tap water is preferred in order to
reduce the environmental footprint of commercial drinking water (mainly packaging and transport).
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In general, local tap or bottled water should be the order of choice [78] and always prioritizing glass
over plastic containers.

3.5.2. Other Beverages

Coffee, tea and herbal infusions (rich in flavonoids) are also included, but consumption should
be with a minimal use of sugar or honey, or preferably without any sweetener. Each of these
beverages, in varying degrees, offers another source of beneficial flavonoids and can potentially
decrease consumption of highly sweetened beverages. Certified fair trade and sustainably produced
coffee and tea should be opted for as much as possible, and recipes for local, traditional herbal brews
should be recorded for posterity.

3.6. Portion Size

Portion sizes (formerly called servings) should be based on frugality and moderation and aligned
with the energy needs of urban and modern lifestyles where applicable. In general, the portion sizes
of the foods represented at the base of the pyramid should be larger and the foods from this section
consumed more frequently (while avoiding food waste). In contrast, those foods at the upper levels
should be consumed in much smaller amounts and less frequently.

It is worth noting that in countries adopting the Western diet pattern, most individuals have
protein intakes largely exceeding their needs, with red meat being one of the main contributors.
Thus, limiting portion sizes of protein-rich foods, particularly red meat, will better fit with a healthy,
sustainable diet, and has the added benefit of reducing monetary costs.

3.7. The Base of the Pyramid

Situated outside, but at the base of the pyramid, the new concepts of sustainability and affordability
are highlighted, adding on to aspects already present in the previous version [14]. Physical activity,
adequate rest and socialization during meals are also represented, being practices integral to the
definition of the Mediterranean lifestyle.

3.7.1. Physical Activity

The importance of the regular practice of moderate-intensity physical activity (150 min throughout
the week, or at least 30 min a day for 5 days per week) and muscle-strengthening activities at least twice
a week, are emphasized as a basic complement to the MD for balancing energy intake, maintaining a
healthy body weight and for many other health benefits.

3.7.2. Sleep and Rest

A restorative nightly sleep, as well as resting during the day (usually after the mid-day meal) are
part of a balanced lifestyle, contributing to health maintenance. A slower lifestyle with reduced stress
levels should also be sought. Being active or relaxing in a natural setting (e.g., swimming, walking
and hiking, or responsible picnicking) is in keeping with the MD whilst not being detrimental to the
natural environment.

3.7.3. Culinary Activities and Conviviality

Mealtimes have a social and cultural value which transcends their nutritional and nourishing
functions [79]. Cooking from scratch is typical of the MD, whereas shared culinary activities and shared
dining allow for trans-generational transmission of culinary knowledge and recipes in an enjoyable
atmosphere. These are key elements for the revitalization of the MD, at least in the Mediterranean
region itself.
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3.7.4. Wine

As shown by the available scientific literature, there is no safe level for alcohol consumption [80].
Nevertheless, while fully respecting religious principles, cultural beliefs and social norms, an optional
moderate consumption of wine (one glass per day for women and two glasses per day for men),
preferably during meals, as well as other fermented beverages, might be indicated. In Muslim
Mediterranean countries where alcoholic drinks are not consumed, there is a high intake of tea infusions,
rich in polyphenols similar to wine, and sometimes accompanied with herbs such as mint. The habit of
tea and infusion drinking is commendable from both a health and environmental perspective.

3.7.5. Biodiversity and Seasonal and Local Foods

The value of eating a variety of local and seasonal foods is emphasized. Consuming a range of
locally available foods—animal, fish and shellfish and plants—will aid in maintaining biodiversity
in the region. As far as possible, fresh, seasonal and minimally processed foods should be preferred.
This will maximize their nutritional properties and markedly reduce the environmental footprints of
food production and processing, as well as long-distance transport of imported foods. Moreover, local
production chains will be sustained, with beneficial effects on the local economy and employment.

3.7.6. Traditional

The selection and preference of traditional and local foods will sustain the local culinary heritage,
promote the use of indigenous ingredients, and thus support the (sustainable) production (plants and
animal) and capture (e.g., fish, wild rabbit, fowl) of foods which are familiar, and also those less known.
Many traditional MD dishes are plant-based and high in vegetables, legumes, nuts and cereals making
them more environment-friendly.

3.7.7. Eco-Friendly Products

Consuming eco-friendly products will help the preservation of Mediterranean landscapes and sea.
Eco-friendly production methods, such as agro-ecology or organic agriculture, result in biodiversity
promotion and reduction or elimination of harmful chemical use [80]. Thus, health for consumers
as well as nature (land, rivers, sea, etc.) will be promoted. Indeed, recent large epidemiological
studies have shown that consumers whose diet comprises a high share of organic foods adopt a
healthier plant-based dietary pattern with lower pesticide exposure, lower body mass, lower impact
on natural resources and lower GHG emissions [26,81,82]. Combining the MD with regular organic
food consumption appears to be the optimal option [30].

3.7.8. Affordability

Adherence to a MD does not necessarily increase the expense of one’s diet significantly [83,84].
Basing meals on legumes, cereals and local and seasonal vegetables, fruit and fish can help to offset
the cost of other potentially more expensive foods such as meat or less healthy processed foods.
Following the guidance of the updated MDP can assist those who are financially insecure in consuming
a healthier diet.

4. Discussion

The seminal EAT LANCET study established a global food system modelling framework to
evaluate which combinations of feasible measures (dietary shift, standard and high levels of improved
production practices, reduced food waste and loss) were needed to stay within sustainable food
production limits (GHG emissions, nitrogen cycling, phosphorus cycling, freshwater use, biodiversity
loss and land system change) while still supplying nutritious and healthful diets by 2050. Their
findings suggest that a shift towards a dietary pattern comprising more plant-based foods than animal
foods (obviating the need to become a strict vegan, and emphasizing fish and poultry, legumes, whole
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grains, vegetables, fruits and nuts) would provide environmental benefits, nutrient adequacy and
improved health [6]. The nutritional adequacy of the traditional MD has been demonstrated, despite
being lower in animal products and less caloric, as it contains smaller amounts of proteins and fats and
is richer in fiber and micronutrients [11,14,34,43,81].

The proposed new graphical representation of the MDP has considered various aspects outlined
by the recent EAT LANCET study and fulfills an expressed need for a common framework among
countries in the Mediterranean regions to develop sustainability-promoting Food-Based Dietary
Guidelines [38]. It represents a concerted effort at consensus-building among experts from different
disciplines, reflective of the complexity of food systems, as well as the need to adhere to the latest
scientific evidence.

Assessing the sustainability and especially the environmental impact of the MD has been perceived
as a complex task, but one which is urgently required. With this objective, during 2012–2016 an informal
international working group from different institutions collaborated to identify nutritional indicators for
assessing the sustainability of a healthy diet [43,85]. The group identified thirteen indicators belonging
to five areas (biochemical characteristics, food quality, and environmental, lifestyle and clinical aspects).
Such indicators were proposed as a useful methodological framework to address health, education and
agricultural policies [43]. The significance of the diet for environmental protection or degradation was
integral to the choice of indicators, and the role of agriculture and fisheries in facilitating a sustainable
diet was considered from different angles.

The role of agriculture has been crucial in historically shaping the biodiversity of EU countries,
but over the last decades this synergistic relationship has been undermined. Intensification and
specialization of agricultural production has been established increasing production potential, but
also causing the marginalization and abandonment of many areas of land and consequently losses of
species and habitats associated with farmland [47]. For these reasons, the sustainable management of
natural resources is part of the objectives of the EU’s Common Agricultural Policy agenda [48–50].

Moreover, changes in food consumption and production could have important implications for
land use and GHG emissions [51]. The nature of this land-food relationship depends on the type of
food consumed and also on other factors, such as population growth, agricultural productivity, land
ownership and investment patterns, and land use efficiency [54].

With the identification of the food production chain as one of the main contributors towards
a negative environmental impact in the last decades, the study of such effects has often involved
using the Life Cycle Assessment (LCA) method. This method comprises a tool for appraising the
environmental impacts and resources used throughout a product’s life cycle. For example, in the case
of food production, the LCA investigates the environmental impact of each phase, from agricultural
production to final consumption, examining industrial processing, packaging, distribution and retail,
cooking and finally waste management [86,87]. Muñoz et al.’s 2010 study analyzed the average Spanish
diet (consisting of water 75%, protein 3.6%, fat 5.8%, carbohydrate 13% and fiber 0.78% of ingested
food weight) with the LCA method [88]. Results showed that the net Global Warming Potential (GWP)
related to feeding a Spanish citizen for one year amounted to 2.1 tons of CO2 equivalent. Considering
the whole food production chain from production to wastewater treatment, this figure was dominated
by the production stage. Moreover, the contribution of meat and dairy production represented around
54% of total GWP for food production. Similarly, eutrophication potential and primary energy use
were dominated by the food production stage [88].

The sustainability of the updated MD versus present-day Spanish and Western dietary patterns in
the context of the Spanish population was analyzed in 2012–2013 comparing the reference pattern of
the MD pyramid [14] with an estimation of the current Spanish and Western dietary patterns derived
from FAO data [27]. The MD emerged as having the lowest environmental impact compared to
current Spanish and Western dietary patterns, having an agricultural land use of 8365 × 103 Ha/year
(Spanish and Western dietary patterns 12,342 × 103 Ha/year and 33,162 × 103 Ha/year, respectively),
energy consumption of 239,042 TJ/year (Spanish and Western dietary patterns 285,968 TJ/year and
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611,314 TJ/year, respectively), water consumption of 13.2 Km3/year (Spanish and Western dietary
patterns 13.4 Km3/year and 22.0 Km3/year respectively) and GHG emissions amounting to 35,510 Gg
CO2 eq/year (Spanish and Western dietary patterns 72,758 Gg CO2 eq/year and 217,128 Gg CO2 eq/year,
respectively). The food groups mainly responsible for environmental pressure were meat and dairy
products [27].

The environmental burden of the MD applied in the Italian context was also analyzed [89].
The authors recognize that the LCA method inevitably suffers from omissions (which are required
to make the method applicable) that could lead to underestimation of the total impact when applied
to household consumption. For this reason, they chose to assess the environmental footprint of the
MD using a hybrid method. This method addresses stages of food production and consumption
through the LCA and other methodologies (in this case input-output analysis). It was observed that
the national average diet led to 402.91 kg CO2 eq/month of GHG emissions, while the MD presented
a 6.81% lower CO2 eq/month [89]. These results are in agreement with the findings of the study of
Muñoz et al. [87], recording slightly higher values of GWP. This is probably due to the authors taking
into account the actual consumption of a Spanish citizen, as well as solid waste management, which
were not considered in the Italian study.

Two recent studies (2013 and 2018) dealt with sustainability of the MD and dietary patterns in
Spain. In the first study, based on the SUN cohort (20,363 adults), it was observed that better adherence
to the MD was significantly associated with lower land use, water and energy consumption and GHG
emissions, making it an eco-friendly option [28]. In the second study evaluating a cohort of 18,929
adults, the MD was compared to a partly vegetarian diet or Western diet, after ten years of follow-up.
Overall, the MD was healthier, whereas the partly vegetarian diet was slightly better than the MD for
environmental impacts, whilst the Western diet was better only because of its lower monetary cost.
Thus, according to the findings of this study, the MD seemed to be the more sustainable option, closely
followed by the partly vegetarian diet [29].

It is important to note (as briefly mentioned earlier) that the environmental impact of food
production also involves water use. Water availability is an important issue in some countries of the
Mediterranean basin (e.g., in Spain and Malta), linked to the increasing water demand for agriculture
plus the desertification process. For these reasons, the concept of a water footprint is gaining importance
when analyzing the link between water resources and the food production chain. In the last decades,
methodologies such as the Water Footprint Assessment (WFA) and the LCA have been implemented
to study such relationships.

The concept of a water footprint (WF) represents an indicator of freshwater use, including both
direct water use of a consumer or producer and the indirect water use. In other words, the WF of
a product is the volume of freshwater used to produce a food, measured over the whole supply
chain. WFA refers to the quantification and location of the WF of a food production chain, and to the
assessment of the environmental, social and economic sustainability of this WF. This is carried out
with the objective of informing policies and formulating response strategies [90,91].

A study conducted in 2019 [92] investigated the nutritional and water usage implications of the
current Spanish diet compared with the MD. The findings showed that the current Spanish dietary
habits presented higher WF than the recommended MD: the former consumed 2554 L/capita per day
and the latter 1835 L/capita per day. This difference was mainly due to the higher consumption of
red and processed meat, sugars, pastries, beverages and dairy products [92]. The authors observed
that, in addition to its beneficial effects on health, the adoption of the MD by the Spanish population
(approx. 46.6 million) would save 474 million m3 of blue water, a valuable resource that could be
allocated to other uses. Thus, the MD emerged as a healthy, more sustainable and more water-efficient
model than the average Spanish diet. This finding is of major relevance, considering that some of the
areas in the Mediterranean region are semi-arid zones.

Widespread international scientific consensus and a large body of evidence support the assertion
that plant-based diets are healthier and more protective of natural resources and the general
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environment, including GHG emissions [11,24,25,93,94]. It is also worth noting that more and
more countries are integrating sustainability into their Food-Based Dietary Guidelines (FBDG). For
instance, in France the FBDG were extensively updated in 2019 by the Ministry of Health [95]. They
now include the concept of environmental preservation and the reduction of pesticide exposure.
In brief, they recommend adopting a plant-based diet with increased consumption of all plant foods
(vegetables, fruits, whole grains, legumes and nuts) and preferably of organic origin, a reduction in dairy
products and limitation of red and processed meats. In an article based on the NutriNet-Santé cohort
(28,240 participants), the authors showed that better adherence to the 2019 FBDG was related to higher
plant-based food consumption, lower energy intake, lower exposure to chemical pesticides, lower
expected population mortality and lower overall environmental impacts (land use, energy demand,
GHGs), albeit at a somewhat higher cost [46]. These results suggest that overall, the French 2019 FBDG
are generally in line with the multiple dimensions of diet sustainability, including health, although
adherence is associated with a slight increase in cost. If adopted by a large part of the population, these
dietary guidelines may help to prevent chronic diseases while reducing environmental impacts related
to food consumption. The small increase in monetary cost would be balanced by lower externalized
costs for the society. This implies that governments should take appropriate measures to help citizens
and farmers to adopt sustainable attitudes and practices.

Nevertheless, the evidence supporting the environmental sustainability of the MD has some
limitations that should be considered. First of all, there is limited information about each step of
the food production chain, and assumptions are sometimes made in environmental impact analyses.
Secondly, the food production system is a complex one which requires that many aspects should be
controlled and kept in mind. Unfortunately, this remains a challenge as the food production system,
transport, distribution and retail are extremely globalized and also diverse. The evaluation of the
sustainability of a certain dietary pattern should be context-specific and involve different professionals
from the health, medical, sociological and educational fields, as well as from systems engineering,
and from agronomic, veterinary and environmental sciences. Moreover, extreme caution must be
exerted when discussing the sustainability of food system issues in order to avoid the risk of trivializing
problems characterized by extreme complexity, as well as their consequences and/or possible solutions.

Finally, evidence shows that to stay within the guidelines that foster sustainable food
systems, a combination of dietary changes and production and management-related measures are
required [11,14]. Although putting some of the measures into practice may be sufficient to stay within
particular environmental limits, no single intervention is enough to simultaneously meet all the
recommended environmental guidelines. This can be seen in the negative effect of climate change on
food production, thus emphasizing the need to concurrently address reducing food waste and loss,
apart from shifting to more sustainable dietary patterns.

5. Conclusions

Past versions of the MDP aimed to describe and summarize the MD patterns of different countries
in the Mediterranean area whilst highlighting health benefits or recommendations. The various MD-Ps
have all evolved as a result of modern technology, food processing and globalization (e.g., many
developments and innovations have changed the range of foods currently available throughout the
year). The MD-P is a shared cultural heritage that is widely recognized for its contribution to health
and well-being and which should be preserved among the Mediterranean populations. Moreover,
according to the United Nations Sustainable Development Goals (SDGs), the MD complies with at
least 11 out of 17 goals: SDG2 Zero Hunger: End hunger, achieve food security and improved nutrition
and promote sustainable agriculture; SDG3 Good Health and Well-Being: Ensure healthy lives and
promote well-being for all at all ages; SDG4 Quality Education: Ensure inclusive and equitable quality
education and promote lifelong learning opportunities for all; SDG5 Gender Equality: Achieve gender
equality and empower all women and girls; SDG6 Clean Water and Sanitation: Ensure availability
and sustainable management of water and sanitation for all; SDG7 Affordable and Clean Energy:

370



Int. J. Environ. Res. Public Health 2020, 17, 8758

Ensure access to affordable, reliable, sustainable and modern energy for all; SDG8 Decent Work and
Economic Growth: Promote sustained, inclusive and sustainable economic growth, full and productive
employment and decent work for all; SDG11 Sustainable Cities and Communities: Make cities and
human settlements inclusive, safe, resilient and sustainable; SDG12 Responsible Consumption and
Production: Ensure sustainable consumption and production patterns; SDG13 Climate Action: Take
urgent action to combat climate change and its impacts; SDG14 Life Below Water: Conserve and
sustainably use the oceans, seas and marine resources for sustainable development; SDG15 Life on
Land: Protect, restore and promote sustainable use of terrestrial ecosystems, sustainably manage
forests, combat desertification, and halt and reverse land degradation and halt biodiversity loss [53].

The updated edition of the MDP presented here stresses the need to increase the sustainability of
the MDP, decreasing the contribution of meat, high fat dairy products and highly processed foods,
and increasing the consumption of legumes and as many locally grown vegetables, fruits, nuts and
their products, preferably as eco-friendly products, as feasible. The final point to remember is that
there should be a comprehensive approach to the MD, promoting it not just as a healthy diet, but also
as a culturally coherent way of life to be enjoyed in a sustainable manner. Even if other food models
may have a better performance on given points (e.g., certain environmental impacts of plant-based
diets) the overall value of the MD on four dimensions, that is environmental, social, cultural, economic
and nutritional/health levels, makes it a sustainable diet model that has been also recognized as an
intangible heritage of humanity [3], but with added environmental value. The virtues of the MD and
particularly its significance for environmental preservation and protection as presented in this new
version of the MD pyramid need to be efficiently communicated and applied in an integrated manner
at multiple levels. This implies starting from the level of policymakers, and expanding to mass media
and social media influencers, to community development NGOs, to educators, to food innovators in
production and processing, to restaurateurs and finally to the individuals and families in households.

This revision was fostered by an interdisciplinary dialogue amongst a multidisciplinary team of
scientists and experts in order to provide a unified representation of the MD as a sustainable dietary
pattern relevant to the entire Mediterranean region. This new revision of the MD Pyramid is grounded
in scientific consensus among experts, as well as in evidence from research in the areas of nutrition,
health and the natural and socio-economic environments; but it does not intend to be prescriptive.
The idea is that each country uses the basic updated MDP and related recommendations as a guide,
adapting the contents to their own country-specific contexts and cuisines.

This updated representation of the MD pyramid is released in order to marry the worldwide
interest in the MD with increasing attention to sustainability, and especially to environmental concerns.
Such representation aims to contribute towards a significantly greater adherence to this dietary pattern
and lifestyle in the Mediterranean basin, as well as in other similar countries. The main goal is to
shift the perception of the MD benefits from a person-centered, individual focus, to a broader focus
embracing the benefits of the MD pattern for the planet and its populations.
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The updated Mediterranean Dietary Pyramid (MDP) described by Serra-Majem et al. [1]
is a highly welcome addition to the nutritional landscape, built on the solid foundations
of earlier versions. As its construction over the last decade was a collective effort by an
expanded circle of experts representing additional countries around the Mediterranean
region, this update incorporates additional insights on regional dietary traditions and en-
gages a broader network in the transformation of our food systems to be healthier and more
sustainable. Although many new scientists have contributed to this effort, I am pleased to
note the input of Antonia Trichopoulou, who has been a consistent, knowledgeable thread
connecting the first MDP with this update.

The description of the foods comprising this updated pyramid has been fine tuned
to be more specific and emphasize the central role of healthy plant foods and the modest
role of meat, especially red meat, and dairy. This is consistent with Mediterranean dietary
traditions, and the evidence linking this pattern with better health has strengthened with
time. Notably, the EAT-Lancet commission, charged with identifying a pathway to healthy
and sustainable diets for the expected world population by 2050, reviewed the available
evidence on diet and health to develop global targets for specific food groups. When
these targets were combined into an overall dietary pattern, they aligned tightly with the
traditional Mediterranean diet as described in the updated MDP. This was invaluable proof
that these targets were not just a conceptual goal but were consistent with a way of eating
that had been tested over millennia and were found to be associated with well-documented
longevity and wellbeing.

The fundamental innovation in the updated MDP is a dimension representing envi-
ronmental sustainability. When my colleagues and I designed the first Traditional MDP
in 1993, health effects were our focus. This was impactful because the emphasis of di-
etary guidelines had been to reduce dietary fat as much as possible and encourage high
carbohydrate intake. This was not consistent with scientific evidence emerging at that
time, and the MDP made a transformative statement that the type of fat, not total fat,
was important for long-term health. At that time, we appreciated the importance of the
environmental impacts of food systems, but most of us thought that the impact of climate
change would be felt centuries into the future. Since then, global warming has accelerated,
and we are already experiencing adverse effects in many ways. At present, we are far off
track to achieve the United Nations goal of limiting temperature increases by 2100 to less
than 2 degrees C; instead, we are on course for disastrous and irreversible environmental
changes. Thus, environmental sustainability has become an urgent issue and the addition
of this new dimension in the updated MDP is important and timely. Notably, work cited
in this report suggests that the adoption of the traditional Mediterranean dietary pattern
could reduce greenhouse gas emissions from the food system by half or more compared
to current Western diets. This, combined with transition to green energy sources, could
enable us to pass on a sustainable world to future generations. All countries can benefit by
considering this updated MDP when developing their dietary guidelines and food systems.
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Abstract: The dietary guidelines as well as the organizations that establish the recommendations are
not homogeneous across regions of the world. Each country utilizes specific icons to better describe
to the public easy ways to follow specific recommendations, including the use of pyramids, plates,
and other forms of presenting key information. All dietary guidelines are updated within certain
periods to ensure that new findings or specific changes are communicated to the public. The purpose
of this commentary is to describe the most updated information as well as some history on how
these symbols are utilized in different countries or areas of the world. The updated Mediterranean
pyramid as well as MyPlate and the Pyramids utilized in South Africa, Japan, and Argentina are
discussed in this commentary.

Keywords: dietary guidelines; Mediterranean; the USA; Japan; Argentina; South Africa

1. Introduction

The importance of communicating the dietary guidelines to the public in a comprehen-
sive yet easy to follow approach is well-recognized [1]. Therefore, the need to identify the
means to exemplify these guidelines led to the creation of dietary pyramids and MyPlate
to better illustrate these recommendations. The first dietary pyramid was published in
Sweden in 1974 followed by the United States (US) pyramid in 1992 [2]. The idea was
to illustrate that foods that should be consumed in greater amounts should be located
in the base of the pyramid, while those that should be eaten sparingly should be at the
top [2]. Later, a number of countries decided to convey a similar message regarding specific
guidelines, which followed cultural and regional food recommendations. An example is
the Mediterranean Diet Pyramid, created in 1993, which illustrates the healthy food choices
followed by the Mediterranean region.

Other dietary pyramids that were created early on and that have been recently updated
are those from Argentina created in 2000, South Africa created in 2003, and Japan created
in 2014. Recently, in June of 2011, The US Department of Agriculture (USDA) created
MyPlate to have a better visualization of the recommended portions of different food
groups including grains, vegetables, fruits, dairy, and high-protein foods [2].

The Food and Agriculture Organization (FAO) emphasized food-based dietary guide-
lines with key messages for many countries including USA, South Africa, Argentina, and
Japan [3]. In this commentary, we have chosen to briefly discuss different representations
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of the updated dietary guidelines in five countries/regions. We highlight the way these
recommendations are conveyed and briefly discuss their strengths and weaknesses.

2. Dietary Pyramid and My Plate

MyPlate (Figure 1) was created to substitute the US Dietary Pyramid in 2011 resulting
in the ending of 19 Dietary Pyramids since 1992 [4]. MyPlate is the representation of
a plate setting with a glass that includes five groups: grains, vegetables, fruits, protein
foods, and dairy. Several strengths have been identified in how MyPlate is represented:
(1) MyPlate has been adapted to cover the needs of pregnancy and breastfeeding, toddlers,
children, adults, and older adults and thus is more precise in its recommendations across
the life cycle [4]; (2) the web site created by USDA also provides a list of recipes and
innovative ways to follow MyPlate; (3) MyPlate also recommends moderate to vigorous
physical activity 150 min per week [5]. Further, studies have shown that following MyPlate
contributes to the maintenance of a healthy body weight plus a lower risk of hypertension
in adults over 50 years of age [6]. MyPlate also recommends more satiating foods to treat
obesity rather than caloric counting. The key messages from MyPlate are to follow a healthy
eating pattern that supports adequate nutrient intake to prevent the risk of chronic disease;
to focus on a variety of nutrient dense foods; to limit calories from added sugars, saturated
fat, and sodium; and to shift to healthier beverage choices.

Figure 1. MyPlate [4].

Although MyPlate is the newest way by which USDA depicts dietary recommenda-
tions, the Pyramid is still used. There is a Harvard Dietary Pyramid (Figure 2), which
in addition to including the type of foods that should be consumed most at the base of
the pyramid also provides additional information regarding exercise and lifestyle prac-
tices [7]. This pyramid has several strengths that are worth mentioning: (1) the bottom
of the pyramid, instead of including food groups, states the importance of both exercise
and maintenance of a healthy body weight. (2) The food groups are arranged differently
than in the original pyramid, since whole grains, healthy oils, fruits, and vegetables are
recognized as the foods that should be consumed the most, followed by fish, poultry and
eggs, nuts, seeds, and beans, of which equal intake is recommended; the next portion of
the pyramid recommends dairy as well as Vitamin D and calcium supplements, and the
tip of the pyramid includes red meat, butter, refined grains, sugar, and salt to consume in
moderation. (3) Other recommendations include optional alcohol intake in moderation (not
meant for all populations) and intake of daily multivitamin plus Vitamin D for most people.
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Figure 2. Harvard Dietary Pyramid [7]. Copyright © 2008. For more information about The Healthy Eating Pyramid, please
see The Nutrition Source, Department of Nutrition, Harvard T.H. Chan School of Public Health, www.thenutritionsource.org
(accessed on 1 February 2021), and Eat, Drink, and Be Healthy, by Walter C. Willett, M.D. and Patrick J. Skerrett (2005), Free
Press/Simon & Schuster Inc.

These two approaches for dietary recommendations in US have a number of strengths
in that they do not only focus on foods but also on maintenance of healthy body weight
and exercise. However, they do not address sustainability or environmental concerns
associated with food production.

3. Mediterranean Diet Pyramid

Serra-Majem et al. recently reported the updated Mediterranean Diet Pyramid (MDP)
(Figure 3) [8], a sequel of the previous study by Bach-Faig et al. [9], which summarized and
updated the traditional Mediterranean Diet (MD) of those basin areas that have developed
with modernization. This region includes all the countries that surround the Mediterranean
Sea: France, Portugal, Italy Spain, Greece, Malta, and Cyprus, which is characterized by
specific climate and by a biodiversity of species [10].

The MDP was a shared and dynamic cultural heritage recognized in 2010 by UN-
ESCO [8]. This updated MDP highlights the fact that it takes into consideration not only
nutrition but also sustainability and the environment as well as economic implications and
sociocultural factors and comprises the combined effort of a number of expert individuals
who updated the pyramid based on current challenges that Mediterranean populations are
confronting [8]. This updated MDP constitutes a logical follow-up to the original MDP that
was created in 1993 and updated in 2010 by a group of professionals and organizations
who have dedicated many years to the evaluation and promotion of the MD [11]. Such
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collaborative efforts on the Med Diet 4.0 framework in the years 2015 and 2016 and the
early part of 2020 led to a continuous update of the MDP.

Figure 3. Updated Mediterranean Diet Pyramid [8].

It is well established that the MD has been recognized as a healthy diet that not
only protects against chronic disease including heart disease, Type-2 diabetes, and cancer,
but also provides numerous healthy dietary components that promote health and well-
being [12,13]. The updated pyramid provides very detailed information on the main food
items that constitute the MD as well as a clear description of the different nutrients and
antioxidants present in foods and their precise role in promoting health. A clear description
of the portions that should be consumed either daily or weekly is also included, which are
easy to follow and comprehend. In addition, authors rationalize that different countries
adapt the components of the MD according to their own traditions, an example being
the consumption of wine that is replaced by herbal teas in Muslim societies. Since a
healthy dietary pattern needs to be linked to food production and sustainability [14,15],
the updated MDP, in addition to the well-described nutritional components of the diet,
also emphasizes exercise, conviviality, biodiversity, and culinary activities associated with
the consumption of eco-friendly local seasonal products.

A summary of the salient points of this MDP are presented in Figure 4, which exempli-
fies the benefits of the Mediterranean diet for (1) nutrition and health, (2) the environment,
(3) the economy, and (4) sociocultural factors.
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Figure 4. The updated Mediterranean Diet Pyramid is characterized for its contribution to Health and Nutrition, the
Environment, the Economy and the incorporation of Sociocultural Factors. Some of the elements supporting these claims
are depicted in this figure.

The Mediterranean Diet (MD) is unique as it complies with at least 11 out of 17 goals
of the United Nations Sustainable Development Goals (SDGs), mainly SDG2–SDG8 and
SDG11–SDG15 [8], which are related to Zero Hunger, Good Health, Quality Education,
Gender Equity, Clean Water, Affordable and Clean Energy, Economic Growth, Sustainable
Cities and Communities, Responsible Consumption and Production, Climate Action, and
Life Below Water [8].

4. South African Dietary Pyramid

South Africa first published food-based dietary guidelines (FBDG) in 2003. A revised
version was launched in 2012 (Figure 5). Seven differently sized circles are used by the
Circles of South Africa to “symbolically reflect the proportional volume that the group
should contribute to the total daily diet” [16]. Each circle reflects a food group and healthy
eating recommendations that are associated. In order to preserve good health, the South
African model reflects what should be consumed, as opposed to what should be avoided.
The key messages are related to specific foods consumed in that region, including starchy
foods, dry beans, split peas, lentils, and soy, and it also emphasizes the consumption of
fruit and vegetables. The South African Pyramid also recommends to drink milk every
day as well as to consume fish, lean meat, and eggs daily while emphasizing that sugars,
saturated fat, and salt should be eaten sparingly.

Food groups are not written on the FBDG image itself; however, they are otherwise
indicated in the accompanying FBDG [16]. As exemplified by ethnically varied staples
such as corn meal, rice, potatoes, and bread, the main group includes distinct grains and
starches. These starchy foods make up the largest of the seven circles, a relatively large part
of the proposed South African diet. In the next larger circle, fresh fruits and vegetables are
pictured; the overall amount ingested should be somewhat equal to that of starches, since
the circle is somewhat narrower. By analogy, legumes, animal proteins, and dairy products,
as indicated by their smaller circle sizes, are to be eaten in comparatively smaller volumes.
The South African model illustrates socio-economic facts and accessibility problems, as
numerous items are sold in boxes, bags, cans, plastic jugs, and cartons, since not everybody
can afford fresh ingredients. Fats and oils make up the smallest group, while water and tea
are placed at the top. Compared to other dietary guidelines, the FBDG shows the relevance
of daily water consumption by placing the image at the top of the graph.
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Figure 5. Food-based dietary guidelines (South Africa) [3].

5. Argentinian Dietary Pyramid

Argentina first launched its food-based dietary guidelines and food guide in 2000.
They were revised in 2015 (Figure 6). The Dietary Guidelines for the Argentinian Population
(DGAP) constitute a fundamental tool to promote the dissemination of knowledge. The
DGAP are an educational instrument whose main aim is to promote more equitable
intake of healthy food as well as improved dietary behaviors in the whole country. They
translate the nutritional goals established for Argentina into practical messages, written in
simple and understandable language. This pyramid, in addition to the recommendations of
consuming five portions of fruits and vegetables, milk, yogurt, and cheese daily, has specific
recommendations, including drinking eight glasses of water per day and 30 minutes of
physical activity daily, plus it emphasizes that alcohol should not be consumed while
driving and pregnant women and children should not drink alcohol.

Figure 6. Food-based dietary guidelines—Argentina [3].
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The DGAP are also a planning tool for the sectors of health, education, production,
industry, commerce, and all those who work in the food area [17]. The highlighted recom-
mendations include the consumption of safe water, the practice of physical activity, the
lower consumption of salt and a higher consumption of fibers, polyunsaturated fatty acids
with a decrease in the consumption of saturated fats and sugars [17,18]. However, the
Argentinian pyramid does not address sustainability or the environment.

6. Japanese Dietary Pyramid

In 2005, the Japanese government launched the Japanese Food Guide Spinning Top
(JFG) to help Japanese citizens adopt nutritional recommendations to encourage healthier
eating [19]. The JFG was revised in 2010 (Figure 7), and it is distinctive in that the quantity
of food eaten in a daily diet is represented in amounts of the “dish” rather than in the
“food” format and it uses the analogy of the shape of a spinning top, which reflects an
element of Japanese culture [19].

Figure 7. Japanese Food Guide Spinning Top [3].

The following categories of food are included in the JFG: grain dishes (rice, bread,
noodles, etc.), vegetable dishes (vegetables, mushrooms, potatoes, and seaweed), fish
and meat dishes (meat, fish, eggs, soybeans, etc.), milk (milk and milk products), fruit,
confectionaries, sugar-sweetened drinks, and alcoholic drinks. The order of the food groups
is determined by the size of the specified daily servings. It is advised to eat a combination of
the food groups daily. There are special messages emphasized by this pyramid, including
keeping regular hours for meals, enjoying the meals, maintaining a healthy body weight
by physical activity, using proper cooking and storage methods, and tracking your food to
monitor your diet.

The JFG is a valuable instrument for the assessment of Japanese people’s dietary
consistency [20]. Previous investigations assessing the degree of compliance to the JFG
(Food Guide score) have identified correlations between the Food Guide score and the risk
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of total mortality [21], depressive symptoms [22], and metabolic risk factors [23]. However,
the JFG does not address environmental issues or take into consideration the economy.

7. Conclusions

In summary, all the updated pyramids and MyPlate provide more detailed infor-
mation on nutrient consumption and food groups and include exercise as an important
component, [3,4,8,16,17,19]. Further, they all cater to the specific socio-cultural factors of
each country or region. However, most of the updated pyramids with the exception of the
MDP do not address the environment or the sustainability of local production. The South
African Pyramid does address the economy. The MDP addresses all these important points,
resulting in a stronger message to consumers. It would be important that the US, Japan,
Argentina, and South Africa update their recommendations, taking into consideration the
environment and the economy. The major points addressed by of each of these pyramids is
depicted in Table 1.

Table 1. Points addressed by the Updated Pyramids from MyPlate and the Harvard Pyramid in the US, the Updated
Mediterranean Pyramid (UMP), and the Argentinian and Japanese Pyramids.

Dietary Pyramids Clear Dietary
Recommendations Physical Activity Socio-Cultural Factors Environment Economy

MyPlate Yes Yes Yes No No

Harvard Pyramid Yes Yes Yes No No

UMP Yes Yes Yes Yes Yes

South African
Pyramid Yes Yes Yes No Yes

Argentinian Pyramid Yes Yes Yes No No

Japanese Pyramid Yes Yes Yes No No
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