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2. Materials and Methods

2.1. The History of the Pollution

The source of the pollution whose effects are analyzed in this article is the industrial park in
the town Copsa Mica (46°06'59.10” N and 24°13/15.43” E), in the center of Romania. Until now,
it produced large quantities of carbon black (for 58 years: 1935-1993), metallurgical and refined zinc,
electrolytic lead, bismuth, antimony, iron, cadmium powder, sulphuric acid, sulfur dioxide, sulfates,
sulfurs, carbon monoxide, nitrogen oxides, volatile arsenic compounds, and ammonia (for 70 years:
1939-2009).

The location of the industrial park on the wide valley of the Tarnava river, which channels the
local circulation of air mass, allowed the pollutants to distribute over large distances. The hydrographic
fragmentation of the territory extended the pollution transversally to the secondary valleys. At the
nearest weather station, according to the climatic data provided by the National Meteorological

Agency [57], the mean annual temperature is 8.4 °C, the mean annual rainfall is 625.6 mm-year—!,

the annual wind frequency is 65.5%, and the speed of the wind with the highest frequency is 3.1 m-s 1.
The low amount of rainfall leads to the persistence of pollutants in the atmosphere and the high
percentage of atmospheric calm allows air mass stagnation and pollutant deposition.

The plant material was collected in two consecutive years, starting with the year when the activity
on the polluting industrial platform ceased. In the two years of sampling the mean temperatures were

9.4 and 9.1 °C and the rainfall levels were 648.4 and 782.3 mm-year~!, respectively [57].

2.2. Sampling Design

The distribution of pollutants in blackberry organs was examined in nine sampling plots, eight
of which were grouped in the first 8 km from the source of pollution (Figure 1), and one control plot,
located 26 km from the industrial park in Copsa Mica (type of site D). The target was the study of
pollution in various topoclimates. Each plot was identified geographically and geomorphologically,
using Global Positioning System coordinates, the side aspect, the exposure to the circulation of polluted
air (Table 2), and the distance to the main flue-gas stack for emissions—which is 250 m tall.

Figure 1. The sampling plots area: the circle marks the source of pollution; the squares mark the sample
plots (numbered from 1 to 8 and identified with the type of site).
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Table 2. Classification of sampled sites according to the location in relation to the source of pollution.

Type of Site Site Description

Site located in the main valley (where the source of pollution is found) with frontal exposure
to the source of pollution (slope facing the flue-gas stack).
Site located in the main valley (where the source of pollution is found) with tangential

A

B exposure to the source of pollution (slope not facing the flue-gas stack).
C Site located in a secondary valley with frontal exposure to the local circulation of air mass.
D Site located in a secondary valley, partially protected from the source of pollution.

The vegetal material samples were collected according to the regulations of the United Nations
Economic Commission for Europe-International Co-operative Programme on Assessment and
Monitoring of Air Pollution Effects on Forests- [58]. At least five blackberry dominant bushes were
chosen from every sampling plot. The material (20-30 g leaves, flowers/sampling plot and 100-200 g
fruits/plot) was collected systematically from the four cardinal sides of the bush. Only healthy samples
were considered [59], and great care was taken to avoid touching or contaminating them with the tools
used. The flowers were collected no later than 2-3 days after bloom or in the budding stage, to prevent
loss of pollen due to insect pollination. The leaves were collected in the second half of the growing
season, but before the autumnal senescence, when the heavy metal concentration peaks [60]. The ripe
fruits were harvested in the firm stage.

2.3. Processing the Material

The vegetal material was not washed, so as to identify the total pollutant concentrations in the
state in which the resource is used [61]. For instance, the blackberry long-lived leaves are eaten by
game, particularly by cervids [9], and blackberries are not washed before consumption. To avoid
pollen removal, which bioconcentrates an important fraction of heavy metals, the flowers were not
washed either.

The laboratory investigations followed Kelp’s [62] recommendations. The samples were
oven-dried to a constant mass at 60 °C, which did not affect the sanogenetic qualities of the product [9].
Mineralization was achieved after wet digestion [58], using the Berghof MWS-2 microwave oven.
The mixture of 0.3-0.5 g dried plant powder, 2 mL concentrated HNOj3 (65% concentration, Merck
extra pure), and 3 mL HyO, (30% concentration, Merck, Darmstadt, Germany) were introduced in
the microwave system (Berghof MWS-2, Eningen, Germany). Mineralization was carried out in three
steps, at temperatures of 145, 180, and 100 °C (Table 3).

Table 3. The settings for mineralization of samples.

Temperature (°C) 145 180 100

Power (%) 75 90 40
Time (min) 5 10 10

After mineralization, samples were filtered through a 0.45 mm filter and brought to a volume of
50 mL in a volumetric flask with ultrapure water with a specific resistance of 18.2 M()/cm obtained
from a Direct Q3UV Smart (Millipore SAS, Molsheim, France). The digested samples were analyzed
by flame atomic absorption spectroscopy (FAAS) with ZEEnit 700 Atomic Absorption Spectrometer
(Analytik Jena AG, Jena, Germany). Calibrating standard solutions of Cd, Cu, Pb, and Zn were
prepared daily by the accurate dilution of the respective stock standard solutions (1000 mg/L).
Ultrapure water with a specific resistance of 18.2 M()/cm obtained from a Direct Q3UV Smart
(Millipore SAS, Molsheim, France) was used to prepare the standard solutions. For quality control
purpose, blanks and triplicates samples (1 = 3) were analyzed during the procedure. The variation
coefficient was under 5%. The operation conditions were those recommended for each metal in the
instrument’s method (Table 4).
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Table 4. Instrumental parameters for metal determination by flame atomic absorption spectroscopy

(FAAS).
Element
Standard Conditions
Cd Cu Pb Zn
Wavelength, A (nm) 228.8 324.8 283.3 213.9
Slit width (nm) 1.2 1.2 1.2 0.5
Hollow-cathode lamp current (mA) 3 3 3 4
Background correction Deuterium Deuterium Deuterium Deuterium
Flame CyHy /air CyHy /air CyHy /air CyH, /air
Fuel flow (N L/h) 50 50 65 50

The sensitivity of the FAAS method was estimated using the limit of detection (LOD) and the
limit of quantification (LOQ). The LOD and LOQ (Table 5) were calculated based on the standard
deviation of the response and the slope [63-66]. A total number of 171 spectrometric determinations
were carried out.

Table 5. Limit of detection (LOD) and limit of quantification (LOQ) of the flame atomic absorption
spectroscopy method.

Element
Parameter
Cd Zn Pb Cu
Linear working range (mg/L) 0-1 0-1 0-1 0-3
Limit of detection (mg/L) 0.012 0.013 0.083 0.036

Limit of quantification (mg/L) 0.039 0.042 0.276 0.119

2.4. Data Processing

Data analysis was performed using Microsoft EXCEL 2007 and STATISTICA 8.0. The results were
related to the World Health Organization [67] limits for heavy metals in products with ecosanogenetic
qualities (Table 6).

Table 6. Tolerable limits for heavy metals in food supplements and herbal drugs.

Reference Pb (mg/kg) Cd (mg/kg) Zn (mg/kg) Cu (mg/kg)
[68] 10.0 05 - i
[67] 10.0 03 - -
[62] 5 4 - -
[69] - - - 5 (berries and small fruits)
[62] 5 0,5 - -

3. Results and Discussions

3.1. The Level of Heavy Metal Contamination in Blackberry

The concentrations of the studied microelements were found to be strongly scattered around
the mean (high coefficients of variation—Table 7). Thus, the arithmetic mean was no longer relevant
and was replaced with the median to express the central tendency. Most of the lead and cadmium
concentration values greatly exceeded the toxicity thresholds (Table 7). Furthermore, these thresholds
were exceeded in the control plot as well, which was believed to be unaffected by the influence
of the pollution caused by the industrial park in Copsa Micad. As such, 40% of the measured lead
concentrations, 100% of the cadmium concentrations, and 67% of the copper concentrations in the
control plot exceeded the WHO permissible limit. This result is proof of the area expansion of heavy
metal pollution. The other sampling plots are located up to 8 km from the source of pollution and
have pollutant concentrations which exceeded the permissible limit for lead by up to 29.1 times,
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the permissible limit for cadmium by up to 14.9 times, and the permissible limit for copper by up to
38.8 times. Approximately a quarter of the values of lead concentration exceeded the permissible limit
by at least 5 times. More than half of the values of cadmium concentration exceeded the permissible
limit by at least 5 times.

Table 7. Statistics of heavy metal content in the blackberry samples from Copsa Mica area, Romania.

The Relative The Significance
Significance Frequency (%) of the Differences
of the of Values between
Differences Arithmetic . Coefficient  ywpich Exceed Blackberry
Metal between Range Mean Median of the World Organs **
Individual Variation Health (Kruskal-Wallis
Values * (%) Organization Test)
t p Threshold H p
Pb (Wm:';g ﬁ;g) Y ges <0001 1.67-29139 34.72 2027 141.59 70.5 1427 <0001
Cd (mg/kgd.w.) 1149 <0.001 0.32-4.46 1.86 1.61 57.08 100.0 8.18 0.02
Zn (mg/kgd.w.) 1001 <0.001 10.91-193.54 76.03 70.29 65.49 - 23.05 <0.001
Cu (mg/kg d.w.) 7.84  <0.001 1.23-34.08 8.51 7.18 69.89 83.3 9.34 0.01

* All values of heavy metals concentrations either from leaves, either from fruits or flowers were merged; ** The
differences refer to the concentrations of Pb, Cd, Zn and Cu grouped according to the three blackberry organs
(leaves, fruits, flowers).

Based on the blackberry average yield in Romania [9], this means that a hectare of blackberry
shrubs from the Copsa Mica area sequesters yearly through leaves, flowers, and fruits: 2.17 kg Pb, 0.17
kg Cd, 7.52 kg Zn, and 0.77 kg Cu.

The fact that these discovered values are greater than those highlighted in pollution literature is
worrisome for the local consumers. Gasser et al. [70] processed the database of the German Medicines
Manufacturers’” Association and indicated that the following values of Cd and Pb concentrations
range in blackberry leaves: <0.07-0.32 mg/kg dry weight and <0.4-2.8 mg/kg d.w., respectively.
Shikhova [49] highlighted average concentrations of 15.07 mg/kg d.w. Pb in Rubus sachalinensis H. Lév.
from the suburban forest phytocenosis in Vladivostok. After analyzing samples of Rubus fruticosus
harvested from different sampling plots in Berlin, von Hoffen and Saumel [46] found average cadmium
concentrations of 0.0081 mg/kg d.w., and lead concentrations of 0.0595 mg/kg d.w.

Investigations of heavy metal content in blackberry were also carried out in areas with historical
pollution of mining or metallurgical origin. Micu et al. [52] identified average concentrations of 12 ppm
Cu, 0.03 mg/kg d.w. Cd, and 19 mg/kg d.w. Pb in the blackberry leaves on the spoil heaps of Moldova
Noua (Romania). Wistocka et al. [47] found in washed Rubus idaeus L. leaves grown on uranium mine
dumps in the Sudety Mountains range heavy metal concentrations of 17.6-41.0 mg/kg d.w. for Pb,
0.40-1.60 mg/kg d.w. for Cd, 1.20-10.50 mg/kg d.w. for Cu, and 27-88 mg/kg d.w. for Zn, which were
consistent with their concentrations in the soil. In the Middle Spis (Slovakia), which was affected by
acid and heavy metal pollution for decades, Vollmannova et al. [51] found the following range of toxic
metal concentrations: 0.30-1.19 mg/kg d.w. Pb, 0.18-0.42 mg/kg d.w. Cd, 5.50-6.50 mg/kg d.w. Cu,
and 16.1-30.7 mg/kg d.w. Zn in dry blackberry leaves, as well as 0.03 mg/kg d.w. Pb, 0.03-0.05 mg/kg
d.w. Cd, 0.48-0.99 mg/kg d.w. Cu, and 2.08-3.13 mg/kg d.w. Zn in fresh blackberries. Compared to
our results, the investigations carried out by Teofilova et al. [48] in the area of the copper foundry in
Pirdop (Bulgaria) reported higher average values of copper content (62.5 mg/kg d.w.), the same values
for zinc (80 mg/kg d.w.), and lower values for lead (8.5 mg/kg d.w.) and cadmium (0.275 mg/kg d.w.)
in blackberry fruits.

The large discrepancy with the literature data is partly due to the way our samples were prepared,
i.e., without pre-washing. We intended to quantify the total bioaccumulation of heavy metals in the
blackberry organs, as they are used directly by consumers (humans, cervids, bees) and thus the input
to the trophic chain through the contaminants is more widely dispersed in the ecosystem structure.
The data from the literature of other species reveal that, by washing, the heavy metal concentrations
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were reduced by 3.09-85.79% for Pb, 4.00-86.11% for Cd, 0.78-84.85% for Zn, and 0.76-86.41% for
Cu, varying by species, organ harvested, culture system, sampling period, and degree and type of
pollution [71-76]. We assume that even in the case of blackberry, as a species with hirsute organs,
the deposition of heavy metals at least at the surface of the leaves is considerable. It has been shown
that Pb and Cd concentrations are 10 times higher in hirsute plants than in those with a smooth
surface [77].

The non-parametric Kruskal-Wallis test (Table 8) led to the stratification of the values of metal
concentration according to the blackberry organs.

Table 8. The significance of the differences between the heavy metal concentration values by some
nonbiological factors.

Dependent Variable
Independent Variable Pb Cd Zn Cu
p from Kruskal-Wallis Test (0.05 is the
Threshold Value for Statistical Significance) *
Distance from source of pollution 0.005 0.13 0.36 0.80
Altitude 0.01 0.31 0.27 0.07
Aspect 0.08 0.92 0.59 0.70
Exposure to air circulation 0.09 0.01 0.15 0.48
Year of sampling 0.26 0.41 0.89 -

* Kruskal-Wallis p-values for the effects of independent nonbiological factors on heavy metal concentration in
blackberry organs sampled across air pollution gradients in Copsa Mica area, Romania.

The values in the content of lead, cadmium, zinc, and copper in fruits are noticeably different
compared to those in flowers and leaves (Figure 2). Of the sampled blackberry organs, the fruits
retained the smallest metal quantities, except for copper—the copper content had the highest variation
in the fruits. The leaves contained 4.5 times more lead than the fruits. The flowers contained 3 times
more cadmium and 3.8 times more zinc than the fruits. The flowers contained 2.2 times more copper
than the leaves (Figure 2).

This means that the risk to consumers of such resources, quantified for a portion of 100 grams of
fresh blackberries, with an average moisture content of 91.4% (own data), consists in the ingestion of
8.51 mg Pb, 0.74 mg Cd, 19.64 mg Zn, and 5.71 mg Cu.

Yedoyan and Yedoyan [50] found notable differences between blackberry organs which were
polluted anthropogenically, especially in terms of lead and copper content. For instance, the root was
found to be an important copper reservoir.

Concerning other species besides blackberry, from the Copsa Mica area, Alexa et al. [78]
spectrometrically measured the heavy metal content. The comparisons emphasized the fact that
trees are more important heavy metal bioaccumulators than blackberry. In June 2001, in full industrial
season, up to 620 mg/kg d.w. lead and up to 8.5 mg/kg d.w. cadmium were found in locust leaves [78].

The net differentiation of blackberry organs in heavy metals storage is the consequence of
their different and asynchronous lifespan, the morphological characteristics of their surface, and the
exposure to the pollutant flow. Blackberry leaves—long-living, hirsute on both sides, and more exposed
to atmospheric pollutants—are the largest reservoirs of heavy metals (Figure 2). The consistency and
morphology of the floral tissue and the synchronization of the flowering stage with the rainiest months
reduce the retention of heavy metals in flowers compared to leaves. Blackberries themselves, sheltered
by leaves and slowly ripening, accumulate smaller amounts of heavy metals (Figure 2).

The unnoticeable differences of heavy metal concentrations between the two years of sampling
(Table 8) suggest a long-lasting soil pollution and a strong sequestration of these pollutants in the
blackberry organs, which goes beyond the rainfall increase in the second year.
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Figure 2. The stratification of heavy metal content according to the sampled blackberry organs.
3.2. The Spatial Variability of the Heavy Metal Content in Blackberry

The factors of influence on the metal content in the vegetal material were identified by using
the non-parametric Kruskal-Wallis test, when the majority of dependent variables had non-Gaussian
distributions. The results show that only the lead content is more sensitive to location change (Table 8).
It decreases by a power function according to the distance from the source of pollution (Figure 3).
In the first 3 km, the higher dispersion of lead concentrations and the more pronounced decay with
the distance in the case of the leaves were noted. The matrix of the sign test (not listed) indicated that,
in fact, the variation of lead content according to altitude is due only to the lowest altitude, which had
the largest lead quantities. The zinc and copper concentrations were changeless from one sampling
plot to another. The cadmium concentration depended on the exposure of the location to the local
circulation of polluted air. The differences between the sampled years were not statistically significant
(Table 8).

3.3. Safety in Herbal Medicine

In spite of the growing popularity of natural products, one must be realistic and admit that none
can be completely free from various contaminants. The risk of contaminated nutraceuticals intake
is much higher in the absence of specific legislation, as manufacturers are not compelled to oversee
the nature, safety, and therapeutic and nutritional efficacy of these products [11]. Furthermore, the
preference for nutraceuticals is fueled by consumers’ false belief that the natural product is inevitably
healthy and safe [19].

Food products consumed by people undoubtedly contain metals and metalloids [38,79]. Even if it
comes up in a biotope where the anthropogenic pressure is low, the collected raw material may be
contaminated due to certain non-hygienic harvesting techniques or poor storage and conditioning.
Heavy metals can bioaccumulate in plants in concentrations which exceed the maximum limits
permitted by the environmental regulations, where they can reach the human or animal organism
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directly or indirectly through the food chain. A lot of metals give rise to toxicity even with
reduced concentrations.

350
¢ Leaves
300 . B Fruits
Fit equations:
250 A Flowers
5 Power (Leaves) ¥ = 106.14x05%
E 200 R?=10.629
en
g . = === Power (Fruits)
N
e 150
g seseee Power
3 =33.661x"8%
§ (Flowers) 7 R2= 0.3;32
- 100
A
50 \\\a“
o 1 2 3 4 5 6 7 8 9

Distance from pollution source (km)

Figure 3. The variation of lead content in relation to the distance from the main source of pollution
(control plot is excluded).

Important lead, cadmium, and zinc concentrations were found in consumer finished food or
medicinal products, such as tea and blackberry wine [53,54]. Small quantities of these metals in Rubus
species were found in Himalaya as well [34].

The smaller the quantities of non-essential heavy metals in traditional nutraceutical products,
the lower will be the risk to the consumers health Small quantities of non-essential heavy metals in
traditional nutraceutical products as their absence eliminates the risk of noxious effects on health [80].
Consequently, it is necessary to implement a qualitative assessment of wild resources consumed
directly or used in ethnomedicine, before using or processing them, by determining the heavy metal
content [81].

Resources, such as blackberry in Copsa Micd, are consumed by the local population in raw or
processed forms. At the observed lead and cadmium concentrations (Table 7, Figure 2), the therapeutic
value of the blackberry active ingredients decreases.

The International Agency for Research on Cancer classifies the anorganic compounds of Pb into
group 2A—probably carcinogenic to humans. The symptoms of lead poisoning are abdominal pain,
constipation, nausea, cramps, vomiting, anorexia, and weight loss [82]. Chronic exposure to high
levels of Pb produces significant accumulations in the bones, as well as disorders of the central nervous
system, hepatic and renal disorders, gout, and high blood pressure. Furthermore, it affects the optimal
functions of the male and female reproductive system, with negative effects on pregnancy [83-88].

As a non-essential metal, Cd accumulates in the environment continuously, with one of its main
sources being the atmospheric deposit. Chronic exposure to Cd causes kidney failure, increased risk of
pre-diabetes and diabetes, high blood pressure, osteoporosis, and cancer [89-92]. In our researched
area children represent the age range most exposed to the risk of contamination by eating blackberries.
The poor education of some people maintains this risk. Hence, an acute need for food education for all
social categories from the area is felt.
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4. Conclusions

Blackberry is a popular nutraceutical, but unfortunately it is also an important heavy metal
bioaccumulator. The extended industrial activity (which began in 1935) of metallurgical and chemical
production in Copsa Mica led to the remnant contamination of blackberry with lead, cadmium,
zing, and copper. Shortly after the interruption of the pollution emission, the lead concentrations
in blackberry were found to exceed the recommended threshold by up to 29 times in 71% of cases.
Furthermore, all the cadmium concentrations exceeded the WHO threshold by up to 15 times, and 83%
of the values of copper concentration exceeded the permissible limit by up to 39 times. The organs of
blackberry store these elements differently—the flowers and leaves are the largest bioaccumulators.
The lead bioaccumulation was found to have a definite spatial distribution. Conversely, the zinc and
copper concentrations were changeless from one sampling plot to another. The results indicate a wide
geographic expansion of pollution with these metals, within a radius of at least 26 km.
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Abstract: Ferns are poorly explored species from a pharmaceutical perspective compared to other
terrestrial plants. In this work, the antioxidant and tyrosinase inhibitory activities of hydrophilic
and lipophilic extracts, together with total polyphenol content, were evaluated in order to explore
the potential cosmetic applications of four Spanish ferns collected in the Prades Mountains
(Polypodium vulgare L., Asplenium adiantum-nigrum L., Asplenium trichomanes L., and Ceterach officinarum
Willd). The antioxidant activity was evaluated using the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical, oxygen radical absorbance capacity (ORAC) and xanthine /xanthine oxidase (X/XO) assays.
The potential to avoid skin hyperpigmentation was tested by inhibiting the tyrosinase enzyme, as this
causes melanin synthesis in the epidermis. All ferns were confirmed as antioxidant and anti-tyrosinase
agents, but interestingly hydrophilic extracts (obtained with methanol) were more potent and
effective compared to lipophilic extracts (obtained with hexane). Polypodium vulgare, Asplenium
adiantum-nigrum, and Ceterach officinarum methanolic extracts performed the best as antioxidants.
Polypodium vulgare methanolic extract also showed the highest activity as a tyrosinase inhibitor.

Keywords: pteridophytes; ferns; antioxidant; tyrosinase inhibition; cosmetics; Polypodiopsida

1. Introduction

The incidence of cutaneous disorders and melanoma has increased worldwide [1]; in fact,
non-melanoma skin cancer has become the principal skin cancer among fair-skinned people [2].
Sun radiation is known to accelerate photodamage of the skin, and ultraviolet radiation is one of the
main factors that causes skin hyperpigmentation and skin aging [3].

Melanin, which is obtained by irreversible tyrosine catalyzed reactions, is an important epidermal
agent that blocks ultraviolet radiation [4]. It has been noted that melanocyte cultures from black
skin-types increase melanogenesis and melanosis more than in fair skin-types [5]. Consequently,
lighter and thinner skin is 6-33 times more susceptible to developing minimal perceptible erythema
than darker and thicker skin [6,7]. Ectopic dermal melanocytes, a result of successive erythemas, are
shown to be directly dependent on increased melanin in the epidermis (hypermelanosis), which can
trigger sun spots [8].

Primary photoprotection, also called non-systemic photoprotection, has traditionally been
considered the main strategy against the harmful effects of sun radiation [9]. This method is based
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on having healthy habits towards sun exposure and the use of physical photoprotective agents;
however, some disadvantages have been described [10]. Antioxidant oral supplements from secondary
metabolites of plants are an adjunctive to primary photoprotection [11]. This most recent strategy on
photoprotection is known as secondary photoprotection, or systemic photoprotection [12,13], in which
standardized aqueous extract from the fronds of Polypodium leucotomos L., which is marketed under the
trade name Fernblock® (Cantabria Labs, Santander, Spain), has been one of the most popular systemic
and topical photoprotective oral agents in cosmetic science [14,15]. The effectiveness and safety of the
use of this fern is a consequence of its multiple pathways of action described by Palomino et al. [16].

Ferns (Polypodiopsida), formerly considered pteridophytes, have been reported as one of the least
understood classes of tracheophyte plants from a phylogenetic perspective [17,18]. Recent reviews
of the Polypodium genus have been published since the commercialization of Fernblock®, as shown
in Berman et al. [19]. Other authors have recently published updated reviews on the phytochemistry
and ethnopharmacology of ferns, highlighting the presence of polyphenols (particularly flavonoids),
terpenoids, steroids, and alkaloids [20,21]. Most of these bioactive compounds are described as natural
enzyme inhibitors in biomedical research drug discovery due to anticancer, antidiabetic, and antiaging
properties [22-24]. The selected ferns in this study (Polypodium vulgare L., Asplenium adiantum-nigrum L.,
Asplenium trichomanes L., and Ceterach officinarum Willd) are some of the most common leptosporangiate
ferns reported on the Prades Mountains (Spain, 41°18'43” N 1°05'09” E) [25].

Considering Fernblock® as a reference in skin photoprotection [26,27], the potential anti-aging and
skin-whitening properties of four Spanish ferns collected in the Prades Mountains have been studied.
In vitro antioxidant activities against different free radicals (2,2-diphenyl-1-picrylhydrazyl—DPPH,
oxygen radical absorbance capacity—ORAC, and xanthine /xanthine oxidase—X/XO methods) and
in vitro inhibition of the tyrosinase enzyme were evaluated.

2. Material and Methods

2.1. Chemicals and Reagents

All reagents used were of analytical grade. Methanol, hexane, tyrosinase, and
L-dihydroxyphenylalanine (L-DOPA) were acquired through Vidrafoc® (Barcelona, Spain).
Dimethyl sulfoxide (DMSO) was obtained from Fisher Scientific® (Madrid, Spain). The
provider of 5-hydroxy-2-(hydroxymethyl) pyran-4-one (kojic acid) was Alfa Aesar®
(Karlsruhe, Germany). The reagents used to determine the antioxidant activity such as
2,2-diphenyl-1-picrylhydrazyl (DPPH radical), 2,6-dihydroxypurine (xanthine), xanthine oxidase,
and (&)-6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox) were supplied by
Sigma—Aldrich® (Madrid, Spain). Sodium carbonate anhydrous (Na,COj3) and nitrotetrazolium blue
chloride (NBT) were purchased from Laboaragon® (Cartuja Baja, Spain) and Sumalsa® (Zaragoza,
Spain), respectively. All aqueous solutions were prepared with ultra-pure water.

2.2. Plant Material

It was checked that the subject species had been described in The Plant List [28] and by Banco de
Datos de Biodiversidad de Catalufia [29].

The whole fresh fronds of selected fern species were identified and collected from the Prades
Mountains, in the province of Tarragona (Spain), in November 2016 by Adria Farras and Josep M?
Farras using botanical keys [30]. The samples were dried in the shade at room temperature.

A dried voucher specimen has been deposited at the Herbarium of Universidad San Jorge,
Zaragoza, Spain (Polypodium vulgare: voucher no. 003-2016; Asplenium adiantum-nigrum: voucher no.
004-2016; Asplenium trichomanes: voucher no. 005-2016; Ceterach officinarum voucher no. 006-2016).
These examples were authenticated by Dr. J.A. Vicente Orellana from Universidad CEU San Pablo
(Madrid, Spain).
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2.3. Extracts Preparation

Hydrophilic (= polar) and lipophilic (= non polar) extracts were prepared using methanol or
hexane, respectively. Dried fronds of the four species were powdered mechanically until obtaining
40 mg of each. The powdered fronds of each species were split equally into two erlenmeyers of
500 mL. Each 20 mg of fern powder was macerated with 250 mL of solvent (hexane or methanol) at
room laboratory temperature for 24 h. The extract was filtered using Whatman N°4 filter paper, and
the solvent was evaporated using rotatory evaporator with a thermostatic bath at 30 °C. This process
was completed two more times until exhaustion of plant material; extracts were stored at —20 °C until
further experiments. Yields were calculated in percentages from the dry weight of fronds used and the
quantity of dry mass obtained by extraction.

2.4. Phytochemical Screening by Thin Layer Chromatography (TLC) and Total Phenolic Content (TPC)

Silica gel TLC plates coated with fluorescent indicator F254 were used in order to detect phenolic
compounds (flavonoids and phenolic acids) in the samples. 10 pL of hexane and methanolic extracts of
the samples at concentrations of 10 mg/mL were run on the plates with EtOAc/MeOH/H,O (65:15:5,
v:0:v) as mobile phase. After eluting the samples, plates were dried, sprayed with the Natural Products
polyethylene glycol (PEG) reagent, observed at 365 nm and retention factors (Rf) calculated [31].

TPC was quantified by the Folin Method as previously described using gallic acid for the standard
calibration curve [32].

2.5. Determination of Antioxidant Activities

Antioxidant capacity was assessed by three complementary methods that were DPPH, ORAC,
and superoxide radicals generated by X/XO.

2.5.1. DPPH Radical Scavenging Activity

The neutralization of DPPH radicals as antioxidant method was reported the first time by
Blois et al. [33]. In this case, the assay was carried out according to the modifications described by
Casedas et al. [34]. In 96-well microplates, each well contained 150 pL of extract and 150 uL of DPPH
(0.04 mg/mL methanol solution). Antioxidant activity was determined measuring absorbance (Abs) at
515 nm after 30 min of dark incubation. Blank and control wells were also considered. The highest
concentration of extracts tested was 1 mg/mL. Trolox, a water soluble derivate of vitamin E, was used
as positive standard. Background interferences from solvents and samples were deducted from the
activities prior to calculating radical scavenging capacity (RSC) as follows: RSC (%) = [(Abscontrol —
Abssample)/ AbSscontrol] X 100.

2.5.2. ORAC Assay

ORAC assay was carried out to measure the capacity of extracts to scavenge peroxyl radicals.
Samples and trolox were dissolved in PBS and methanol (50:50, v:v). Samples were incubated
with fluorescein (0.07 uM) in 96-well plates for 10 min at 37 °C. Afterwards, AAPH (0.012 M) was
supplemented and fluorescence was measured for 98 min at 485 nm of excitation and 520 nm of
emission, in a FLUOstar Optima fluorimeter (BMG Labtech, Ortenberg, Germany) [35]. Results were
expressed as pmol trolox equivalents (TE)/mg sample.

2.5.3. Superoxide Radicals Generated by Xanthine/Xanthine Oxidase (X/XO)

Xanthine oxidase and xanthine as substrate are responsible for the production of superoxide
radicals [36]. The effects of fern extracts on superoxide radicals generated by X/XO were evaluated by
measuring the formation of the NBT (nitrotetrazolium blue chloride)-radical superoxide complex [37]
using a described procedure [34]. The reaction mixture was prepared every day as a consequence of
reduced stability. This mixture was composed of 90 uM xanthine, 16 mM Na,CO3, and 22.8 uM NBT
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in phosphate buffer (pH 7.0). 240 uL of the reaction mixture in each well with 30 uL of extract solution
and XO was incubated in the dark for 2 min at 37 °C and absorbance read at 560 nm. Blank and
control wells were also considered, and background interferences from solvents and samples were
also deducted from the activities previous to calculating the RSC (%). The reference substance (trolox)
was the same used in DPPH and ORAC assays.

2.6. Inhibition of Tyrosinase Activity

The inhibition of tyrosinase was performed following a previous method [38]. Samples were
mixed with 40 uL L-DOPA and 80 uL potassium phosphate buffer (pH 6.8). Finally, 40 uL of tyrosinase
(200 U/mL) was added in the wells. L-DOPA and tyrosinase were solved in buffer. The inhibition of
tyrosinase was determined at 475 nm. Methanolic extracts were dissolved in methanol, and hexane
extracts were dissolved in DMSO. Kojic acid was the reference inhibitor substance. Background
interferences from solvents and samples were previously deducted from the activities to calculate the
percentage of enzymatic inhibition (compared to control activity). Control wells had the same mix
except the sample/inhibitor, which was replaced by the solvents of these.

2.7. Statistical Analysis

All samples were analyzed in triplicates (1 = 3), at least, on different days. Statistical significance
was analyzed by using GraphPad Prism version 6, San Diego, CA, USA. Data are presented as mean +/-
standard error. The half maximal inhibitory concentration (ICsy) values were obtained by non-linear
regression. Activities have been compared using a one-way analysis of variance (ANOVA). Statistical
differences were considered as follows: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). Correlations were
performed between TPC and ORAC values, and TPC and tyrosinase ICs( values; Pearson values were
also obtained using GraphPad Prism version 6.

3. Results

3.1. Plant Material and Yields

Table 1 shows the scientific names and Spanish common names of the collected samples as well as
yields of extraction in each case. The hydrophilic extracts obtained with methanol have higher yields
(ranging from 16.27% to 29.55%) than lipophilic extracts obtained with hexane (ranging from 1.49% to
2.34%).

3.2. Polyphenol Content by Thin Layer Chromatography (TLC) and Folin Method

TLC plates sprayed with Natural Products-PEG reagent revealed the presence of flavonoids in
methanolic samples obtained from Asplenium trichomanes (ATM, Rf = 0.97, 0.92, 0.86) and Ceterach
officinarum (COM, Rf = 0.66, 0.5). Spots corresponding to phenolic acids were also detected with
similar retention factor (Rf) values in the methanolic samples from Polypodium vulgare (PVM, Rf = 0.81),
Asplenium adiantum-nigrum (AAM, Rf = 0.81), Ceterach officinarum (COM, Rf = 0.81), and hexane extract
of Ceterach officinarum (COH, Rf = 0.81). An image of the TLC plate sprayed with Natural Products-PEG
reagent can be downloaded from Supplementary Materials (Figure S1). Total Phenolic Content (TPC)
was quantified using the Folin—-Ciocalteu reagent; as observed in Table 1, methanolic extracts contained
higher amounts of polyphenols, with PVM and COM showing the highest values. As predicted,
methanol seems to be a better solvent to extract polyphenols.
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3.3. Antioxidant Activity

3.3.1. DPPH Radical Scavenging Activity

As seen in Figure 1, methanolic extracts had a more powerful capacity for DPPH reduction than
hexane extract for each fern. Methanolic extracts had a very similar profile of antiradical activity
reaching 100% of radical inhibition at concentrations between 0.01 and 0.1 mg/mL. PVM and COM
had the lowest ICs( values and can therefore be considered as the best antioxidants. Extracts obtained
with hexane were also antioxidants, but the concentrations needed to scavenge 100% of DPPH radicals
were superior compared to samples extracted with methanol as solvent.
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Figure 1. Antioxidant activity against DPPH radicals of methanol extracts (A) and hexane extracts (B)

using trolox as a reference.

3.3.2. ORAC Assay

The ORAC assay is an internationally recognized method to measure antioxidant capacity.
In Table 2, the ORAC values were also higher for methanolic extracts, particularly for PVM and
COM, which is in accordance with data obtained in the DPPH assay. In Figure 2A, there is a positive
correlation between ORAC values and TPC, which seems to indicate that the antioxidant activity may

be mediated by polyphenols.
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Table 2. ORAC values of methanolic and hexane extracts of fern species.

ORAC (umol Trolox Equivalents/mg Sample)

Ferns
Methanolic Extract Hexane Extract
Polypodium vulgare (PV) 2.34 £0.04 0.38 £ 0.02
Asplenium adiantum-nigrum (AA) 2.25+0.03 0.34+£0.11
Asplenium trichomanes (AT) 225+0.14 0.44 £0.01
Ceterach officinarum (CO) 293 +0.23* 0.84 +0.06*

*p <0.05 versus PV, AA, and AT methanol extracts. # p <0.05 versus PV, AA, and AT hexane extracts. Data analyzed
using a one-way ANOVA and Tukey post-hoc test.

—_
3 A

o 4-

S

©

(72]

(=2}

E 3 °

=

i Pearson 1 0.8251
[ P [ 95% confidence interval 0.2876 10 0.9674)
3 2- P value (two-tailed) 0.0117
= P value summary i

5 Is the correlation significant? (alpha=0.0§) Yes
= R squared | 0.6809
D 44

51 °

©

> ® o

(8]

< 0 T T T T 1

g 0 50 100 150 200 250

TPC (micrograms GAE/mg)

—_
g B
3 1.5
s
uo_’ Number of XY Pairs 5
o [ ] Pearson 1 0.2756
= 95% confidence interval -0.9314 t0 0.8017]
= 1.07 P value (two-tailed) 0.6536
o P value summary ns
- Is the correlation significant? (a\phazoﬁf) No
'_a R squared | 0.07597
=
€ 0.5
g [ ]
© [ Y
£ °
[
2 0.0 T T T T 1
2 0 50 100 150 200 250

TPC (micrograms GAE/mg)

Figure 2. Correlation studies between polyphenol content and antioxidant activity (A) and between
polyphenol content and tyrosinase inhibition (B). Pearson r values confirm that there is a correlation
between polyphenol content and antioxidant activity measured by the ORAC method, whereas no
correlation exists between polyphenol content and the inhibition of the tyrosinase enzyme.

3.3.3. Superoxide Radicals Generated by Xanthine/Xanthine Oxidase (X/XO)

In order to determine if the extracts were able to scavenge physiological radicals like superoxide
anion (O,7) generated by X/XO, the extracts were tested using this methodology at various
concentrations [15]. There were significant differences between methanolic and hexane extracts
(Figure 3), but surprisingly, the activity of certain methanolic extracts was superior to the reference
compound trolox (Figure 3A). Table 3 reveals that PVM, AAM, and COM showed lower ICs values
than trolox, which confirms their potential as antiradical agents.
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Figure 3. Antioxidant activity of fern methanolic (A) and hexane (B) extracts against superoxide

radicals generated by xanthine/xanthine oxidase using trolox as a reference. *** p < 0.001 versus the
hexane extract in the same species.

Table 3. Summary of ICs, values of methanolic and hexane extracts in the DPPH, xanthine/xanthine
oxidase, and tyrosinase assays.

ICs0 (mg/mL) 2

Species

DPPH Radical O, Radical Tyrosinase Inhibition

Methanol Hexane Methanol Hexane Methanol Hexane

Extract Extract Extract Extract Extract Extract
Polypodium vulgare (PV) 0.007 0.233 0.011 0.201 0.107 0.233
Asplenium adiantum-nigrum (AA) 0.008 0.044 0.011 0.128 0.216 ND
Asplenium trichomanes (AT) 0.036 0.129 0.047 0.090 1.175 ND
Ceterach officinarum (CO) 0.007 0.072 0.012 0.073 0.392 ND

Kojic acid - - 0.063
Trolox 0.002 0.026 -

@ Each value is expressed as the mean of at least three independent measurements. ND: Not determined at assayed
concentration (consequence of low activity). ICs value is defined as the effective concentration of extract at
which 50% DPPH radicals, 50% of superoxide radicals generated by xanthine/xanthine oxidase, or 50% of the
tyrosinase enzyme are inactivated. ICsq value was obtained by interpolation from non-linear regression analysis
using GraphPad Prism version 6.
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3.4. Tyrosinase Inhibition

Figure 4 shows that methanolic extracts were also better than hexane extracts as anti-tyrosinase
agents. All methanolic samples presented ICsy values between 0.107 mg/mL and 1.175 mg/mL,
whereas in the case of hexane samples, only PVH was able to reach the ICs( value (Table 3). According
to the lowest ICs( values, PVM was the best sample as tyrosinase inhibitor, followed by AAM. In this
case, tyrosinase inhibition was not correlated with total phenolic content (Figure 2B).
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Figure 4. Inhibition of tyrosinase by methanolic (A) and hexane (B) extracts. Kojic acid was used
as reference.

4. Discussion

Ferns have been used in traditional medicine in Central and South America. In fact, two of
the selected species (P. vulgare and A. adiantum-nigrum) are known to possess anti-inflammatory and
expectorant properties and are used in traditional medicine for colds [39]. In 2008, the European
Medicines Agency (EMA) also approved the monograph of Polypodium vulgare rhizome for the
treatment of cough and colds [40].

The antioxidant properties of ferns are not new; in fact, extracts of some ferns, such as Pityrogramma
calomelanos and Polypodium leucotomos, were recently reported as antioxidants due to the presence of
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polyphenols and flavonoids [21,41]. Different types of flavonoids have been described on selected
Aspleniaceae ferns [42] and in ferns of the Dryopteris genus [43]. It has also been described that the
antioxidant mechanisms of flavonoids can be based on hydrogen atom transfer (HAT), single electron
transfer (SET), and transition metals chelation (TMC) [44]; however, the antioxidant mechanisms for
phenolic acids are predominantly HAT rather than SET [45]. The differing nature of the antioxidant
methods tested in this article allows us to determine and characterize the antiradical activity [46,47].

All methanolic samples gave strong positive results in the three tested antioxidant methods.
This fact suggests the presence of phenolic acids and flavonoids with hydroxyls groups in the B-ring
in the samples [48]. However, the corresponding hexane extracts displayed higher IC5 values and
weaker antioxidant properties in the DPPH, ORAC, and X/XO assays. The lower antioxidant activity
of hexane extracts could be due to the lower polarity of the solvent system, indicating that the majority
of phenol and flavonoid compounds are present in the methanolic extracts as determined by Folin
and TLC analysis. Additionally, all methanolic extracts showed higher extraction yields compared to
the corresponding hexane extract, indicating that the majority of phytoconstituents are hydrophilic
molecules. ORAC is a method for antioxidant activity widely used in food sciences, but it is not the
first time that certain ferns have also been evaluated using this methodology. The main advantage
of this methodology is that the use of fluorescence in the ORAC assay avoids interference with the
colored samples [49].

In the superoxide method, superoxide radicals are reduced by receiving one electron (SET
mechanism). Flavonoids are known to possess antiradical activity by SET mechanisms; for this
reason, the reported activity in this method may be due to flavonoids [50]. The successful results with
1Csp values better than trolox demonstrate an exploitable antioxidant activity in line with previous
results for Polypodium leucotomos [51].

The isolation of some phytoecdysteroids in certain ferns has been the focus for certain medicinal
applications [52]. For example, phytoecdysteroids have already been isolated in Polypodium vulgare [53].
The antioxidative properties by singlet oxygen quenching (SET) and the promotion of differentiation
of human keratinocytes of these components may be the reason for obtaining certain bioactivities in
hexane extracts [54,55]. Contrary to expectation, all hexane extracts exerted antioxidant properties
in the different tested methods. The content of terpenoids in ferns could be responsible for these
results in relation to the antioxidant activity of the hydrofobic (hexane) extracts [43,56]. Additionally,
carotenoids, which are tetraterpenoids, have been reported in a number of fern species [57].

According to tyrosinase inhibition, Selaginella tamariscina and Stenoloma chusanum are the only ferns
that have been described as anti-tyrosinase agents, with flavonoids involved in this activity [42,58,59].
In our study, methanolic extracts also displayed the lowest IC5( values, displaying better anti-tyrosinase
activity than hexane extracts. This might ascribe the activity to phenolic compounds; nevertheless, the
Pearson values dismiss the positive correlation between ICsj values in the tyrosinase assay and TPC.
Due to the fact that flavonoids have been described in certain species of the Polypodiaceae family [60,61],
we might assume that anti-tyrosinase activity of methanolic and hexane extracts could be due to
flavonoids; however, this is not completely in agreement with our results, and other authors have
found that the inhibition of tyrosinase could be also due to cycloartanes derivatives isolated in
PV [62-64].

5. Conclusions

Regarding the results obtained, particularly for the methanolic extracts, antioxidant and
potential depigmenting activity has been reinforced for the species Polypodium vulgare, Asplenium
adiantum-nigrum, Asplenium trichomanes, and Ceterach officinarum. Hydrophilic extracts of these species
could be of interest to develop pharmaceutical or cosmetic products, but further studies are needed to
better understand the properties and safety aspects of these species.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4907/10/2/179/s1,
Figure S1: TLC analysis of methanol and hexane extracts of the four fern samples.
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Abbreviations

AA Asplenium adiantum-nigum

AAPH  2,2’-azobis(2-amidinopropane) dihydrochloride
AT Asplenium trichomanes

cO Ceterach officinarum

DMSO  dimethyl sulfoxide
DPPH 2,2-diphenyl-1-picrylhydrazyl

GAE
NBT

gallic acid equivalents
nitrotetrazolium blue chloride

ORAC  oxygen radical absorbance capacity

1%
TE
TLC
TPC

Polypodium vulgare

trolox equivalents

thin layer chromatography
total phenolic content

X/XO xanthine/xanthine oxidase
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Abstract: The importance of forests to safeguard agricultural production through regulating ecosystem
services such as clean water, soil protection, and climate regulation is well documented, yet the
contributions of forests and trees to provide food for the nutritional needs of the increasing human
population has not been fully realized. Plants, fungi, and animals harvested from forests have long
provided multiple benefits—for nutrition, health, income, and cultural purposes. Across the globe,
the main element of “forest management” has been industrial wood production. Sourcing food from
forests has been not even an afterthought but a subordinate activity that just happens and is largely
invisible in official statistics. For many people, forests ensure a secure supply of essential foods
and vital nutrients. For others, foraging forests for food offers cultural, recreational, and diversified
culinary benefits. Increasingly, these products are perceived by consumers as being more “natural”
and healthier than food from agricultural production. Forest-and wild-sourced products increasingly
are being used as key ingredients in multiple billion dollar industries due to rising demand for
“natural” food production. Consumer trends demonstrate growing interests in forest food gathering
that involves biological processes and new forms of culturally embedded interactions with the natural
world. Further, intensifying calls to “re-orient” agricultural production provides opportunities to
expand the roles of forests in food production; to reset food systems by integrating forests and trees.
We use examples of various plants, such as baobab, to explore ways forests and trees provide for food
security and nutrition and illustrate elements of a framework to encourage integration of forests and
trees. Forests and trees provide innovative opportunities and technological and logistical challenges
to expand food systems and transition to a bioeconomy. This shift is essential to meet the expanding
demand for secure and nutritious food, while conserving forest biodiversity.

Keywords: bioeconomy; food and nutrition security; forests and trees; forest foods; wild harvesting

1. Introduction

Global demand for food is projected to increase as much as threefold by 2050 [1]. By some
estimates, food production will need to increase more than 70 percent over the next 40 years [2].
Supplying food to the growing world’s population will put increasing demands on agricultural systems
and land. With significant challenges to sustain past rates of yield increase for major agricultural crops
in the future [3,4], the pressure to convert natural ecosystems and forest land to agricultural production
will likely intensify [5], a practice that has led to tremendous loss of biodiversity. The conventional
approach to achieving food security has resulted in a loss of forest cover that directly and indirectly
supports the food security and nutritional needs of hundreds of millions of people, especially in
developing countries. Hence, one of the greatest challenges of the 21st century is increasing food
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production to improve food security, without reducing forest area, or biodiversity, and at the same
time not just feeding but nourishing people [6].

More than a billion people around the world depend on forests and trees for their livelihood,
and forest foods for nutrition [7,8]. Rural people living proximal to forests derive a diverse set of
foodstuffs from forests [9], which is particularly important for poor populations [10-12]. At the same
time, wild foods are integral to the diets of vulnerable and higher-income urban populations in many
parts of the world [13-17].

According to the high-level panel of experts on food security and nutrition of the Committee
on World Food Security [18], forests contribute to food security and nutrition in several ways.
Direct provision of food from forests may represents only less than one percent of global food supply,
but the contribution to dietary quality and diversity is crucial to family health and wellbeing. Forest
foods, especially fruits and vegetables are rich in the micronutrients that impoverished people often
lack [19]. In 1997, approximately 390 million metric tons of food was produced by trees in developing
countries [8]. On average, more than 258 metric tons of forest foods are reportedly harvested from
public lands in the United States [20] each year. A recent study of households across Europe that collect
forest foods found the mean to be about 60 kg per year, with a median of 20 kg [21].

Forests provide energy to process agricultural and forest foods for consumption. In general,
wood fuel contributes about 6 percent of total primary energy supply, yet in some regions of Africa,
wood fuel contributes upwards of 25 percent of energy needs [18]. In addition to the use of wood
fuel for household subsistence, its sale and conversion into charcoal to supply urban centers provides
employment and income opportunities in many rural areas [22]. In many developing countries,
charcoal is the main energy source for urban households [23]. At the same time, fuelwood scarcity
may negatively affect household food security and health, as typical household coping strategies
include selling or bartering food to procure fuelwood, the use of lower-quality fuelwood substitutes
such as dung, or reducing the amount of fuelwood use by eating fewer meals, undercooking food, or
boiling water insufficiently to save fuelwood [24]. While the impact of fuelwood harvest on forests is
highly context-specific, evidence suggests that harvest volumes can exceed sustainable levels [25,26].
Such negative environmental outcomes are partially attributed to the largely informal and unregulated
wood fuel sector and wood fuel value chains with weak enforcement and governance mechanisms [27].

According to the FAO [6], commercialization of forest foods—and other forest products such
as fuelwood—account for about 20 percent of income for rural households in developing countries.
The formal forest sector employs more than 13 million people, providing income that allows for
the purchase of food and other necessities [18]. Total income from production of non-wood forest
products (a subset of non-timber forest products (NTFP)) is estimated to be more than 88 billion USD,
although estimates are acknowledged widely to be lower than actual [28] (p. 25). Animal products
(e.g., bushmeat, game) generate another 10.5 billion USD in income, and collection of medicinal and
aromatic plants some 700 million USD [28]. Estimates of forest sector employment do not include the
innumerable number of people worldwide that function in the informal forest economy, gathering for
direct consumption, or bartering and trading products with no transaction records. By some estimates,
more than 300 million people earn part of their annual livelihood and food from forests [8]. In some
situations, food gathered from forests can reduce the family food budget as much as 60 percent [29].

Forests provide many products and services that are consumed by people everywhere, or used to
serve their needs. A tremendous diversity of forest plants, fungi, and animals are harvested to provide
food, medicine, and other essential and luxury items. While accounts of the roles forests have in human
nutrition and food security via provision of food, energy, and income opportunities as illustrated are
not inaccurate, we contend that they tend to neglect important and critical aspects—most importantly
due to the informal nature of markets and consumption of forest products that is unaccounted for in
official global statistics. Forests can indeed contribute to food systems at the local and global level in
many further ways, as we demonstrate in the next section. While steps are being taken to improve the
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situation [30], more can be done. Recognizing these contributions is necessary to more fully account
for and realize the forests’ potential for sustainable human nutrition.

In this narrative, we focus on forest plants and fungi used as food, and forests and trees as
provisioning units for food systems and the bioeconomy, by reviewing and synthesizing relevant
literature and subsequently integrating the concepts. We start with an examination of the value of
forests and trees to traditional and contemporary cultures, growing consumer demand for sustainable
products, and potential public health risks. The myriad of production systems, from wild harvesting
to single species plantations, are discussed. We then reflect on elements of a framework to encourage
and support transition to a bioeconomy that integrates forests and trees to provide for food security
and nutrition needs.

2. Contributions of Forests and Trees to People in Food Systems

2.1. Cultural Identities and Nature-Related Values

Indigenous people living in tropical and temperate regions have strong cultural ties to forest
foods. The collection and use of forest plants and fungi to meet the nutritional needs of native peoples
is deeply embedded in their cultures, with knowledge transferred through generations. For example,
forest foods have contributed to the cultural identity of indigenous people across the temperate and
boreal forest regions [31], as evidenced by the hundreds of edible plants documented contributing
to diverse diets. Similarly, Native Americans have a long history of harvesting mushrooms for food
and other purposes [32]. Likewise, traditional hunter—gatherers in the Congo basin subsisted for
extended periods by foraging wild forest food, such as wild yams [33]. Contrary to native populations
in Canada and Mexico, Amazonian Indians tended to consume fewer wild greens but preferred wild
fruits and tubers [34]. The sharing of knowledge about these forest foods adds to the edification of
next generations and can provide valuable insights into managing forests for these resources.

In addition to the cultures of native peoples, forest foods embody significant importance to the
cultural identity, lifestyles, and intangible values of urban populations. Foraging landscapes for food
is very much a part of urban cultures around the world and has increased in popularity over the last
two decades. A simple search of the social media platform, Facebook, reveals many groups formed
around foraging food from natural habitats. The global membership of foragers on Facebook have
commonality in the culture of food plants and share information and knowledge to promote their
practices. In Berlin, urban residents commonly use and consume wild plants for food, personal joy, and
medicinal uses [35]. The collection of wild onions, also known as ramps or leeks (Allium tricoccum Ait.)
from the forests of Appalachia, in the US, is deeply embedded in the region’s culture and has grown in
popularity among urban consumers over the last 25 years [36]. With the collection of wild mushrooms
and other forest foods gaining popularity among urban middle class and hipster populations in Sweden
since the 20th century, a vivid community has developed providing related educational and support
services including evening classes, study circles, clubs, and exhibitions [37]. Foraging for forest foods is
supporting a renaissance among urban cultures around the world and may have significant impacts on
forest-based economies and ecologies [38]. The demographics of contemporary foragers suggest that
verified sustainable sourcing of forest foods would be important to these consumers and advocates.

Studies have highlighted the roles of formal education systems in mainstreaming the contribution
of wild edible plants in human diets. For example, a progressive school in Berlin, Germany, that offered
regionally produced food provided opportunities to grow fruit and vegetables in the school’s garden
and foraging wild edible plants from a neighboring vacant plot; it was involved in the collaborative
planning and management of their food production and found that students were better educated about
nature and food production and had improved their diets [39]. Some Native American tribes, such as
the Eastern Band of the Cherokee Indians, are integrating traditional foods into their educational
programs. Conversely, formal education systems in some Chilean traditional communities largely
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neglect local knowledge of traditional food plants and their uses, contributing to a process of biocultural
homogenization that leads to reduced use of biodiversity for household nutrition [40].

2.2. Satisfying Consumer Demand for Healthy, Sustainably Produced Natural Foods

Undeniably, forest foods provide the calories and macro- and micronutrients essential for human
nourishment. More broadly, they contribute to meeting the diversifying culinary demands of a
changing global population. Economic advancement, increasing levels of income and living standards,
and the emergence of an urban middle class in many countries have prompted significant transitions
of diets, eating habits, and consumer preferences related to food products. Changing socioeconomic
conditions and the modernization of lifestyles lead to a growing diversity of consumer tastes and
preferences [41-43]. Nevertheless, among the major food-related consumer trends are the increasing
demand for healthy, sustainably produced, and convenience food products [44], the latter denoting
increasing demand for food products that aim to reduce the time and effort required by consumers to
buy, store, prepare, and consume their food. This is largely triggered by sociodemographic changes such
as the increasing number of single households, declining culinary skills, and more stressful lifestyles
and has led to a diversity of fresh, ready-to-eat, single-portion packaged, snack, or pre-prepared food
products [44]. Forest foods can contribute to satisfying these demands. Wiersum [38] describes the
increasing appreciation of forest foods in Europe as driven by a growing interest in heritage-inspired
and more natural forest production systems and experimentation with new biocultural practices.

While forest foods have been portrayed as old fashioned and reserved for the poor [45,46], there is
evidence that wild edible plants are perceived positively by more affluent consumers [13,47] and some
have been integrated into mainstream markets. Consequently, there is increasing potential for wild
foods to contribute to bioeconomies as sources of sustainable, healthy raw material [48]. For example,
wild edible fruits and other forest foods often are perceived by consumers as being healthy and
nutritious and linked to cultural identity [16,36,49,50]. Aworh [13] reports that some African traditional
leafy vegetables, including tree leaves, are increasingly being offered in fine dining restaurants and
supermarket chains in urban centers of Kenya and other African countries. Other studies provide
evidence that, while traditionally linked to consumption by rural poor and as a safety net in times of
food shortage, some forest foods, such as baobab (Adansonia digitata L.), are increasingly processed into
high-value food products and sold to high-income consumer segments through local urban specialty
and delicacy stores in Malawi [51] or in international markets [52]. Similar reports also exist for shea
(Vitellaria paradoxa C.F. Gaertn), acai (Euterpe oleracea Mart.), pine nuts, or edible insects (e.g., Ruspolia
differens Scopoli). At the same time, technological advancements facilitate the use of wood products for
processing into food ingredients for mainstream markets, as demonstrated by the importance of xylitol
produced from birch wood (Betula pendula Roth.) in Finland as a low-calorie sweetener possessing
dental health benefits [53]. Hence, forests have significant potential to supply healthy, natural, and
sustainably produced food products that health-conscious and sustainability-oriented consumer would
buy and are beginning to be considered in discussions about “future smart food”. Transitioning to a
bioeconomy may spur this shift more rapidly.

2.3. Public Health—Contributions and Risks

While forest and trees contribute to improving public health, there also are potential risks
to consuming forest foods. Studies have confirmed the antioxidant, antihypercholesterolemic,
antidiabetic, anti-inflammatory, anti-amyloidogenic, antimutagenic, antiviral, or antimicrobial activity
of phytochemical compounds contained in wild edible plants [54]. Integration of forest foods
into food systems, by altering consumption habits and preferences, production, harvesting and
processing practices, and the structure and governance mechanisms of food value chains, could
contribute to reducing malnutrition [55]. Food production systems that include forest foods could
appropriately address undernourishment, food insecurity, and micronutrient deficiency, problems
that affect more than 800 million people, particularly in the Global South [6]. In addition, integrated
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food systems can contribute to halting and reversing the prevalence and severity of diabetes [56],
cancer [57], cardiovascular [58], and other non-communicable diseases related to dietary excess and
physical inactivity.

Conversely, consumption of forest foods can increase exposure to human health risks. For example,
due to the increasing popularity of collecting mushrooms and wild plants by city dwellers, accidental
poisoning may occur more frequently if they are mixed with similar-looking inedible or even poisonous
plants. For example, confusing self-collected wild garlic (Allium ursinum L.) with lily of the valley
(Convallaria majalis L.) has tremendous risks as the latter has high content of digitalis glycosides [59].
Furthermore, the hunting, handling, processing, and consumption of bushmeat can increase the
occurrence of wildlife zoonotic diseases, the emergence and spread of which has been amplified by
changes in climate, land use, and biodiversity [60]. In many cases, disadvantaged social groups,
particularly, are most affected by these risks. In Cameroon, marginalized groups of young, poorly
educated, jobless hunters and women preparing bat meat for consumption were exposed to the risk
of Ebola virus infections [61]. Likewise, households with a lower food security status hunted and
consumed a larger diversity of bushmeat species, which along with the potential increased negative
impacts on wildlife conservation also increased their risk of infections with zoonotic diseases [62].
Moves to ban wildlife consumption, particularly in view of the Covid-19 pandemic, may have
unintended consequences particularly on those who depend on wild meat for nutrition. It is important
to not demonize foraged foods, but instead increase awareness on proper handling, harvesting,
and consumption. Aversions to risks such as these may be overshadowed by the urgent need to
feed families.

3. Forests and Tree Food Production

Forests are an assemblage of fauna and flora that form a system of mutual benefits. The plants that
make up forests include forbs, grasses, and herbaceous plants that cover the forest floor, shrubs, and
other woody species that inhabit an understory created by trees that dominate overhead. Traditionally,
forests have been perceived as large expanses of land dominated by trees. A more contemporary
perspective on “forests” include trees in all of their settings: natural and manipulated habitats,
agroforests, single-species plantings, and on lands where they are not the dominant growth habit,
such as fields, roadsides and urban landscapes. Natural forests provide tremendous biodiversity
harvested for food for local and nonlocal consumption. Agroforests that integrate trees and crops
are designed to provide food products directly and protective services (e.g., soil erosion, habitat
for pollinators, mitigating microclimate conditions) to improve production. Secondary forests and
single-species plantations provide many food products for self-consumption and for commodity
markets. Trees outside of these habitats provide food valued by urban and rural households, as well as
others. Fields and urban landscapes often have trees that produce food and other important products.
Figure 1 illustrates contributions of forest and trees to food systems.

Production of forest foods range from unmanaged wild foraging to highly managed single-species
plantations [29]. Some production systems appear to be random accumulation of plants with few
inputs, while others are very organized with high human interventions. The scale of production
depends greatly on the purpose and demand for the products. Conceivably, the amount of forest
foods needed for direct household consumption are less than amounts wanted for income generation.
In many countries, harvesting forest foods is embedded in the culture, and access is uninhibited
because the products are considered public resources.

Forests have been altered by people living in and near them for millennia [63]. Evidence
indicates that people have “managed” forests to increase food production for tens of thousands
of years, and that most forests have been changed significantly over time to provide for the direct
nutritional needs of families [64-66]. As Parrotta et al. [63] indicate, many forms of traditional forest
management that include food production—such as multi-storied agroforests, home gardens, and
shifting cultivation—remain but are undervalued for their contributions.
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Figure 1. Contributions of forest and trees to food systems.

3.1. Wild Harvesting/Foraging

People have been foraging food from forests since the beginning of time. Wild-harvesting forest
foods supported families and communities since before agricultural technologies made it possible
to grow food in fields. Long before the technologies existed to grow food, indigenous people were
harvesting food from forests for direct consumption. With technological developments that allowed
for food production in fields, demand for forest foods may have decreased, but forests continue to
supply critical nutritional needs to families and communities. It is fundamental to the identities of
cultures around the world, and many forest food plants are considered cultural key stone species [67]
that identify the people who depend on them. The loss of these species or access to the plants would
drastically affect the people and their cultures.

Given that foraging often takes place on open-access or communal lands and involves some
competition over the resource between foragers, some communities of foragers have developed
governance and management practices to ensure production of these forest foods. In northeastern
Brazil, harvesters of pequi (Caryocar coriaceum Wittn) have rules on how to harvest the fruit to maximize
quality without detriment to future harvests or the vitality of the tree [68]. Management by Native
Americans by pruning or coppicing has been shown to increase biomass production in some forest
plants [69]. Some Native American tribes, such as the Eastern Band of the Cherokee Indians, have
formal forest management plans with explicit objectives for production of traditional foods [70].
Formal regulations have been established by many US state governments to manage the harvest of
American ginseng roots to encourage conservation [71]. Traditional and local knowledge can inform
better management of forests for wild foods. However, the effectiveness of governance systems may
strongly differ or lead to unintended consequences [72,73].

Wild harvesting of forest food often is perceived to be done with little or no science-based
management [74]. Many contemporary foragers have developed management strategies to ensure
long-term sourcing of the products. Longtime harvesters of Allium tricoccum (ramps, leeks) in the
US may rotate harvest sites and select larger leafed plants to help manage the resource [36]. In some
situations, such as berry harvesting in northern European countries, cultural harvesting practices
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have integrated with science-based knowledge to ensure management of the resources to supply
contemporary demands for forest foods.

3.2. Managed Forests

Traditional forestry organizations, in general have not managed forests for food, although
silvicultural practices, used for timber production, may provide opportunities to support food
production needs [31,70,74]. The inclusion of food bearing plants in forest management can improve
biodiversity conservation while addressing food security and nutrition. For example, spring ephemeral
forest herbs, such as Allium spp., are harvested for food and contribute to nitrogen cycling; improving
forest health while providing sustenance to humans. Managing forests for American ginseng,
a medicinal plant, would require extending the rotation length for timber, reducing pressures from
nonnative invasive plants, and encouraging growth of native understory plants [70,71]. Thinning forest
stands may improve conditions for some food plants, such as berries, but may decrease production
of others, such as mushrooms [75]. Managing forests for forest foods requires consideration of the
impacts silvicultural treatments have on associated resources.

One of the rare examples of natural forests that are being managed primarily for forest foods
are the walnut (Juglans regia L.) fruit forests in Kyrgyzstan. Due to the high number and genetic
diversity of crop wild relatives that these forests harbor and their environmental importance for slope
stabilization and equalization of water flows across seasons for downstream agricultural irrigation areas,
these forests have been classified as protected forests since during Soviet times [76]. The production
of walnut and other wild edible plants such as apples, plums, barberry, and rosehip were—and
still are—important forest management objectives. In addition, limited quantities of timber and
fuelwood were to be harvested through sanitary felling, regular thinning, and felling to induce forest
rejuvenation according to management plans. It has been shown that careful silvicultural interventions
can improve the stability and quality of stands and the production of walnut fruits [77]. However,
due to weak enforcement of legal norms, and tremendous economic pressures, these forests have
been continuously affected by uncontrolled and partially illegal timber exploitation, ineffective forest
restoration measures, extraction of unsustainable amounts of fuelwood and commercial NTFP, and
overgrazing [72]. This negatively affects the production of walnut and other forest foods.

Silvicultural prescriptions for forest foods require consideration of the impacts on resource
availability [78,79]. Changing light and moisture regimes can have beneficial and detrimental impacts
to forest plants desired for food. Creating gaps in the forest canopies can improve habitat for berries
and other plants that like lots of sun. Conversely, gaps can increase the light getting to the forest floor
to the detriment of shade loving plants. Some forest plants, such as hazelnuts (Corylus spp.), survive in
the shade of forest canopies but need more light to produce fruit [31]. As production of maple syrup is
directly related to the amount of foliage, trees managed for sap often are thinned and widely spaced to
encourage large-crowned trees [80]. Although this may not be conducive to co-management for timber,
it may present opportunities to grow understory food-producing plants, such as ramps in agroforestry.

3.3. Agroforests

A significant amount of wild foods come from agricultural lands that have some tree cover [6,29].
Agroforestry, a collection of food production systems, integrates woody perennial plants with
agricultural production in spatial and temporal combinations with the intent of improving productivity,
encouraging positive interactions within the system, without compromising future production
potential [63]. Zomer et al. [81] estimated that over a billion ha worldwide of all agricultural
lands were under some sort of agroforestry (i.e., agricultural lands with more than 10 percent tree
cover) and ranging from the purposeful retention of naturally occurring trees on farms [82] to the
establishment of multi-layered home gardens composed of annual and perennial herbs, shrubs, trees,
and vines [83]. Zomer et al. [81] estimated that more than 96 percent of the agricultural lands in Central
America were classified as agroforestry, while that proportion was over 80 percent in Southeast Asia
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and South America. Over the decade ending in 2010, Zomer et al. [81] estimated that agroforestry
lands increased 3 percentage points, more than 82 million ha.

Agroforestry systems support food security and nutrition directly and indirectly through a
number of ways. For one, they provide ecosystem services and positive livelihood impacts [82,84].
By integrating native trees in their production system farmers can generate additional income, directly
benefit from nutritious food products, and increase their resilience to market or climatic shocks [85,86].
Furthermore, agroforestry can help maintain tree and associated biodiversity [87], reduce soil erosion,
and improve soil characteristics, which can increase crop yield and household food availability
year-round [88,89]. As an example, traditional agroforestry systems in Indonesia are associated with
more frequent consumption of healthy foods than natural forests or tree crop plantations, as they
are known for the diversity of crops and management of wild foods [19]. Home gardens in Uganda
significantly contribute to household nutrition security, compared to anticipated shifts in industrial
agricultural systems envisioned by governmental strategies [90].

Agroforestry systems with native fruit trees and traditional forest foods can be of particular
interest to achieve nutrition and food security objectives given that many forest fruits and plants
are important sources of macro- and micronutrients. However, bottlenecks limit the benefits from
indigenous fruits produced in traditional agroforestry systems [91], among them market insufficiencies
and failures such as limited demand, inadequate supply, and marketing channels or supply control
mechanisms [92-94]. One strategy to realize the potential of native fruit tree species in traditional
agroforestry systems to enhance food security, livelihoods, and resilience for future challenges, is to
stimulate emergence of markets and development and promotion of businesses and innovations to
meet the arising market demand [95].

3.4. Orchards and Plantations

Single species plantings of food-producing trees provide significantly to security and nutritional
needs. Hundreds of tree species are cultivated by households for direct consumption and for sale.
Smith et al. [96] estimated that more than 170 tropical and subtropical tree species are under cultivation.
A subset of these are grown for international commodities markets, and a few are being grown for
these markets on a large scale by small landholders [97].

Many non-timber forest species undergo a “dynamic process of domestication” that transgresses
their collection from the wild and often includes their simultaneous cultivation on farms [98]. Certainly,
there is a progression of sourcing forest foods that originate in natural habitats of gathering fruits
and proceeds to growing fruit around homes. When production of home grown fruit can no longer
supply peoples’ desires, trees would be planted in clusters, or orchards and plantations. For example,
for baobab, it has now been shown that its density is often higher in villages and fields in contrast
to natural plains [99]. While a number of NTFP of high commercial value are grown in intensively
managed plantations (e.g., rubber, oil palm, walnuts) and, hence, commonly considered as agricultural
crops rather than forest products, some of these products are predominantly still being produced by
small-scale and/or non-industrial producers. For example, in some parts of China, approximately
90 percent of the walnut plantations were managed by smallholder farmers [100]. With a total
production volume of 1.6 million tons of walnuts with shell harvested from approximately 390
thousand ha of walnut plantations in 2018 [101], China has displaced the US as the leading global
walnut producer already since the 1990s. The cultivation of walnuts in smallholder orchards and
plantations provides important livelihoods, contributes to household incomes, and is significant
in terms of food production in the Central Asian highlands and many of the countries along the
Silk Road [102]. There is great potential to increase the contribution of such smallholder-managed
plantations to global food production by improving management for this and other food bearing
trees. For example, the largely non-industrial walnut plantations in India yielded only 0.84 t/ha [103];
in China, yields were about 2.3 t/ha, and in Iran, yields were about 2.5 t/ha [104], while well-managed
industrial walnut plantations in California, U.S., can attain average yields of 4.2 t/ha. This yield gap is
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typically caused by a lack of advanced propagation techniques, root stocks, and cultivars, as well as
lack or sub-optimal use of agronomic inputs such as irrigation, fertilizer, or pesticides.

3.5. Urban and Peri-Urban

A small portion of the estimated 600,000 km? [105] of urban and peri-urban land in the world
produces over 15 percent of the world’s food [106]. In the US alone, more than 6400 km? of urban land
could be planted with food bearing trees and contribute to food production systems [106]. A diversity
of urban habitats, such as city parks, campuses, street trees, urban woodlots, cemeteries, residential
yards, and allotment gardens, provide plant material and fungi to urban foragers [107]. While urban
foragers may depend on these food resources to varying degrees, from occasional recreational use
to regular livelihood supplement, collection of foods from urban environments embodies important
aspects of urban well-being [107]. Estimates suggest that daily recommended minimum intake of
fruit could be achieved via planting fruit trees in publicly accessible open spaces [106]. Despite its
importance, the foraging of food products on public lands is often neglected, heavily regulated, or
even prohibited in many places [107-109].

At the same time that urban lands could be sources of tree foods, cities are major pollution hotspots,
and hence, urban food security aspects need to be balanced with concern for food safety. Of particular
relevance is the uptake and translocation of pollutants such as heavy metals from contaminated soils
or airborne metal emissions to plant edible parts [110]. For example, wild mushrooms collected from
urban habitats in Berlin, Germany, accumulated extremely high amounts of lead and cadmium and did
not meet the EU standards for these trace metals in 86 percent and 54 percent of the cases [111]. Yet,
circumstantial evidence from the San Francisco East Bay [112], in the US, indicated that wild edible
plants grown in soils with elevated heavy metal concentrations in high-traffic industrial urban areas
were safe to eat after rinsing in tap water. Yet, such concerns are not limited to urban and peri-urban
areas as contamination of wild fish, meat, and plants with heavy metals can occur in natural ecosystems,
whence these resources inhabit due to geological conditions, such as the Kamchatka region in the
Russia Far East [113].

4. Realigning Food Systems for Forests and Trees

Clearly, forests contribute much to the provisioning of food, for direct consumption, and indirectly
for income generation to purchase food. Markets for forests foods, such as baobab, range from
local-based that supply households or communities, to global and corporate-based, serving multiple
countries. Unlike agricultural and timber-based commodities, the value chains for forest foods are
less developed or understood [114]. They may supply segments of industries (e.g., pharmaceuticals,
nutraceuticals, natural foods, health foods) that are enigmatic to agricultural or forestry institutions
that set policies, track production, and promote innovation and market opportunities. As such, many
of these products remain invisible in national and international governance and lacking in resource
management and production. [30]. Integration into, and acceptance by, appropriate institutions could
increase visibility of their importance. Approval of baobab fruit pulp as a safe novel food would
open European markets to the export of this African-grown product [115]. International discussions
such as on the acceptance and use of “novel foods”, or the related access rights and benefit sharing
mechanisms with local communities under the Nagoya protocol can contribute [116,117] to increasing
the attention on the importance of forests for these “other” resources. Fostering a transition to an
integrated food system that includes forests and trees, involves innovative new business models
and products, and markets that are driven by progressive consumer awareness and demand, with
governance by stakeholders at all levels, and evidence-based sustainable forest management and
production (Figure 2). In essence, these elements support a framework for transitioning to a bioeconomy
that can meet increasing global demand for healthy and nutritious food and increasing concerns for
biodiversity conservation.
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Figure 2. Integration of forests and trees into food systems has many elements that lead to a framework
for transitioning to a bioeconomy. Source: modified from food system framework as presented by the
Institute of Food Science and Technology [118].

4.1. Shift to a Bioeconomy

Realignment of forest production systems and management to integrate into food systems will
require a fundamental change in priorities to include edible plants and fungi (and animals). In a
bioeconomy, the intrinsic values of forests to supply healthy and nutritious natural foods are recognized,
meaning that even though the economic value of forest foods may be less than for other resources,
the contribution of forests to food security and nutrition are integrated into economic planning and
resource management. A fundamental element to support transitioning to a bioeconomy is full
recognition that edible forest resources are natural resources that require management efforts similar to
other forest products. With this awareness, a pathway from status quo to a more progressive bio-based
economy can be charted.

The bioeconomy is emerging as a major strategic economic movement of the 21st century [119-122].
The motivation driving this was originally oriented on biotechnology to replace fossil fuels with
biofuels, particularly wood fuels, and other alternative energy. Ensuring and producing healthy
and safe food are viewed by some as central objectives of a bioeconomy [123,124]. The path to a
bioeconomy will touch all levels of society, from consumers to producers. It is based on sustainably
and equitably sourcing products, with little or no negative environmental impacts, and supported
with strong science-based knowledge. Figure 2 illustrates elements to the three foundational pillars
(i.e., economy, society, ecology) of sustainable bio-based economies, and the contributions from forests
and trees in integrated food systems.

Although, they have been, and continue to be, a major part of the global economy, edible forest
products remain under-valued in the forest-based economy. For the most part, this economic model
includes primarily wood-based products. However, a great deal of forest biodiversity is harvested
for non-wood products that contribute to bio-based economies. Forest foods, such as from baobab,
provide opportunities for transitioning to a bioeconomy that serves diverse markets, innovates to
supply sustainably sourced products, and incorporates arrangements that promote Fair Trade and
other social-equity systems. Investment in “green” market infrastructure to improve production,
processing, and distribution may help to facilitate a transition to such a model.

290



Forests 2020, 11, 1098

4.2. Forests and Trees as Provisioning Units

Forest production systems and their management to include foods will expand beyond “traditional”
objectives in transitioning to a bioeconomy. Management decisions, analyses, plans, and actions
will expand to include food production possibilities. The general concept of multiple-use forest
management [125] would expand to include food products and associated services. The ecosystem
management paradigm [126,127] would include the manipulation of forests for production of food.
In a transition to a bioeconomy, forest production systems expand to include societal costs and
benefits related to more healthy food consumption, optimizing timber production, while providing
environmental services to society.

In a bioeconomy, forest foods are produced in a variety of systems; forests that are open to
wild harvesting, forests managed for food, agroforests, urban and peri-urban forested landscapes,
and where appropriate, single-species plantings. They blend into diverse mosaics of habitats across
landscapes. This would include trees outside of traditionally perceived forests, across a spectrum
of land uses to natural forest settings that may serve as refugia for biodiversity. For most efficient
production, single-species plantings would be strategically located, while agroforests would blend
into the landscape, providing food and other products for personal consumption and to supplement
incomes. Urban trees would be managed by the people and communities where they live.

While sustainably harvested for local consumption over generations, more intensive utilization
of some forest food species may be related to significant negative impacts on forest ecosystems and
biodiversity. For this reason, a transition to a bioeconomy may entail domestication and cultivation in
more intensively managed production systems outside natural forests. In a bioeconomy these and other
systems would adhere to evidence-based production practices to supply sustainably sourced products.

4.3. Consumer Demand Pushing Innovative Business Models

Ultimately, consumer awareness, demand, and support will drive a shift to a bioeconomy.
The growing population of urban consumers who want sustainably harvested, all-natural, locally, and
justly produced products are creating the demand for such a shift [38,44,128,129]. These consumers
are more likely to demand Fair Trade products that are certified sustainably and organically sourced.
Consumer demand for forest foods that are socially, economically, and ecologically respectful as well
as increasing regulatory push will spur industry to supply such products. Social marketing [130,131]
to this demographic could generate energy to transition from the status quo. The more that consumers
demand these kinds of products, the more motivation the industry has to innovate.

Policy actions at the global and national levels could encourage industry shifts more expeditiously.
A transition to a bioeconomy may spur new and creative business models (Figure 2) and investment in
product innovation and technology development to satisfy growing demand for healthy, sustainable,
and fairly sourced foods. Identification, domestication, and cultivation of promising species, planted
in appropriate systems to satisfy the growing demand for healthy, sustainable, and fairly sourced foods
are elemental for a transition. Further, innovation in processing, distribution and marketing, and other
elements of value chains may stimulate transitions in local and global economies.

4.4. Innovation Opportunities

A diverse range of sectors (e.g., pharmaceuticals, nutraceuticals) in the functional food industry,
companies that manufacture natural and homeopathic preparations, are constantly searching for
new, as yet uncharacterized, plant-based raw materials. They are looking for natural substances that
can replace artificial ingredients to extend product shelf life, improve technological properties, or
have other properties that are valued by consumers (e.g., taste), which do not have to be declared
on food labels due to their natural origin, which will help to expand their product portfolios and
retain competitive advantage. Phytochemicals contained in trees and forest plants provide significant
opportunities for development of new food products [128,129]. In view of the trend towards healthy
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nutrition and the growing demand for food products containing natural ingredients, new, natural
food colorants, flavors, and functional ingredients are gaining importance. Natural ingredients of
plant origin, which are much better accepted, or perceived as adding value, by critical and increasingly
well-informed consumers, are of particular interest to a progressive food industry [44,57]. For example,
natural colorants derived from fruits, such as anthocyanins, betalains, carotenoids, and chlorophylls
possess bioactive properties in addition to their coloring ability [132]. In contrast, synthetic additives
are sometimes suspected of causing allergic reactions or triggering ADHD syndrome in children [133].
Many wild products however are hidden ingredients in food, pharmacological, and cosmetic industries
and are not sustainably or ethically sourced and, in some cases, contributing to the depletion of
valuable species.

Forest biodiversity provides an unlimited reservoir of potentially useful substances, as the
phytochemical composition of most forest plant species has yet to be thoroughly characterized. As an
example, extracts from the male flower of sweet chestnut (Castanea sativa Mill.) used as an alternative
to potassium sorbate in pastry products increased contents of reducing agents and radical scavengers,
while maintaining the nutritional and chemical profiles of the pastry [134]. So-called superfruits
such as Acai (Euterpe oleracea Martius), Acerola (Malphigia emarginata D.C.), Camu-camu (Myrciaria
dubia (Kunith) McVaugh), Goji berry (Lycium barbarum L.), Jaboticaba (Myrciaria cauliflora (Mart.)
O. Berg), Jambolao (Syzygium cumini (L.) Skeels)), Maqui (Aristotelia chilensis (Molina) Stuntz), Noni
fruit (Morinda citrifolia L.), and Pitanga (Eugenia uniflora L.) contain a variety of phytochemicals (e.g.,
phenolic acids, flavonoids, proanthocyanidins, iridoids, coumarins, hydrolysable tannins, carotenoids,
and anthocyanins) that have promising health benefits to humans [135]. Clinical trials have confirmed
many of these effects in vitro and in vivo. For example, human intervention studies suggest that the
juice of the noni berries from French Polynesia may provide a number of health benefits, including
protection against tobacco smoke-induced DNA damage, blood lipid and homocysteine elevation, and
systemic inflammation [136]. Baobab-enriched bread has been shown to reduce starch digestion and
glycemic response in humans [137].

A re-emerging trend shows growing interest in foraging forest foods, described by Wiersum [38] as
a relatively new multidimensional phenomenon, which involves biological processes of “re-wildering’
and new culturally embedded interactions between people and nature. Some key examples
of ingredients from forests and tress include baobab, moringa (Moringa oleifera L.), shea butter,
argan (Argania spinose L.), and pygeum (Prunus africana (Hook. F.) Kalkman). All are sourced to
supply multiple, billion-dollar industries that serve growing demand for “natural” food production.
A transition to an integrated food system would leverage the true potential of forest foods to satisfy global
food production, including changing food-related preferences and behaviors of consumers. It would
acknowledge the importance of forest foods vis-a-vis agricultural food production; the structure and
governance of forest food value chains; and quality and food safety aspects of provisioning forest food.

’

4.5. Processing, Marketing, Distribution

Transitioning to a bioeconomy may involve changes to the processing, marketing, and distribution
of forest foods. Distribution channels range from traditional, local markets to highly sophisticated global
supply chains. Forest foods such as maple syrup or acai and baobab powder are processed as ingredients
in a wide range of food products and can be found in global markets. Most forest foods, however, are
still sold unprocessed and undergo limited value-added processing. More local processing to add value
to products could, however, have positive effects on income and profits [138,139]. The distribution of
benefits, however, depends greatly on the value chain structure and governance, as middlemen or elite
traders may inhibit smallholder producers from realizing more benefits. Processing may contribute to
preserving forests foods, so that they can be distributed to more distant markets, although processing
may impact the nutritional qualities of the products. Many forests foods are available only in local or
regional markets with relatively short distribution chains. Reaching high-value export markets may
be a worthwhile strategy for some forest foods, but these markets may be difficult for smallholder
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producers to enter and may be very risky for less affluent producers. A focus on local markets is linked
to consumer preference for locally produced food products traded through short supply chains [140].
Hence, local market development that benefits small producers would be an important element for a
bioeconomy strategy [140].

Different approaches have been used, such as Fair Trade, Fair Wild, and organic certification,
to ensure higher sustainability in the production and equitable sharing of benefits from utilization
of natural resource. Studies show that consumers are willing to purchase and to pay premium
prices for food products with attributes such as local production, organic or sustainable production,
social fairness, or geographical indication [42,141]. The provision of health information on packaging
labels can increase consumers’ willingness to pay [42,142]. The comparatively high costs involved in
obtaining certification, however, hinders their wider acceptance, particularly for small-scale producers
and companies. To encourage participation and transition to a bioeconomy, some organizations are
providing cost-share programs and other incentives to reduce financial burdens of certification.

Special considerations for food quality and safety are needed to target some more advanced
markets. To integrate forest foods into agricultural-based food systems will require similar quality
and safety standards. A few forest foods, such as shea and Arabic gum, have associated standards
under the Codex Alimentarius International Food Standards [143]. Establishing standards may be
complicated by high intra-species variety within wild forest foods and inferior product attributes (e.g.,
size or sugar content) compared to cultivated products [144]. Forests foods typically do not undergo
quality checks for local markets similar to agricultural production practices, which may raise concerns
considering food safety (e.g., microbiological contamination due to insufficient post-harvest handling,
risk of zoonosis in the case of bushmeat), and may limit access to export markets. Such issues may
counteract positive effects from nutritional composition of forest foods. As noted, consumer awareness
and preferences for healthy, natural, and sustainably sourced food, quality, and safety of forest foods
could be a major driver in transitioning to a bio-based economy.

4.6. Knowledge and Governance

Integrated food systems with forests and trees recognize the contributions of traditional and
local knowledge and governance by the array of stakeholders. A bioeconomy strategy incorporates
knowledge systems with science and policy to the design and implementation of sustainable food
systems that includes stakeholder knowledge from all levels. Many food systems are based on
traditional land-use practices, and some have been the subject of a great deal of scientific analyses.
The combined knowledge can lead to better management for improved local conditions.

In general, forest governance in a bioeconomy strategy would be inclusive of all stakeholders.
Stakeholders at all levels of society would be involved in conversations and dialogue about managing
all forest resources. Management of the forest bioeconomy would be vertically integrated to include
value chains with fair and equitable distribution of benefits. State agencies would partner with local
communities and private entities to manage forests for the benefit of all. Governance of distribution
channels and standards would ensure that products achieved an acceptable level of certification.

Finally, transitioning to a bioeconomy that integrates forest foods should be approached from
a global justice perspective because a significant share of forest food species (current and potential)
originate from tropical and subtropical ecosystems. Many consuming countries are economically
advanced, yet source products from the Global South. The global nature of food systems obligates
consuming countries wanting to transition to a bioeconomy to consider and mitigate the impacts
of consumption of products from developing countries. Considering global inequality, this view
proposes the pursuit of global egalitarian values rooted in humanitarianism and cosmopolitanism [145].
High-valued markets for healthy, sustainably produced lifestyle food products represent opportunities
for entrepreneurial producers, although there is risk that a fad for such superfoods could end as
another example of exploiting resources for short-lived consumer demands. Potential safeguards
include access and benefit sharing agreements as stipulated by the Nagoya Protocol that aim to protect
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the customary knowledge and intellectual property rights of local communities in their resources [146].
Likewise, increasing the share of value-adding activities in the countries of origin notwithstanding the
variety of logistical and technological challenges in current food supply chains can ensure that local
producers and communities obtain a fair share of the benefits. Equally important will be to foster the
use of locally produced forest food by local populations, which can contribute to the localization of
food production.

5. Conclusions

Forests and trees are important sources of products for people’s food security, nutrition, sovereignty,
income/livelihoods, and culinary cultural identity. They provide fruit, nuts, vegetables, medicinal
and aromatic plants, insects, and wild meat, rich in micro and macronutrients that many people lack.
They are important to the basic sustenance of rural and urban, poor and affluent people, worldwide,
who directly and indirectly consume non-timber forest products. Forests and trees provide “security
nets” for food products during droughts and other environmentally stressful times. They enrich the
culinary culture of people throughout. The diversity of spatial and temporal factors that affect forests
and trees in providing food products needs full consideration to reintegrate and expand these resources
into food systems.

Foraging forest foods is expanding globally, and this trend is expected to continue as populations
increase and consumer demand evolves. This use of forests increases pressures on biodiversity, putting
excess strain on plant populations that are impacted by gathering products. While the harvest of some
plant organs (e.g., fruits and nuts) may not impact populations, the harvest of other organs (e.g., roots,
tubers) can have significant impact on sustainability.

At the same time, foraging is supporting a renaissance among urbanites who are a driving
force in global markets for sustainably sourced forest foods, which requires scrutiny and verification
through appropriate certification. With continued education of an expanding demographic worldwide
demand for sustainably produced forest foods can be expected to grow. Unfortunately, there are public
health concerns, such as transmission of viruses and disease from animals to humans, associated with
consumption of forests foods.

Forest foods are produced in myriad of systems, from wild-harvesting natural populations to
intense single-species plantings. Over generations, people living near forests, and dependent on them
for sustenance, have developed formal and informal management practices that could support more
prescription management strategies of open-access or communal forest lands to support sustainable
sourcing of much needed foods. There are opportunities across rural and urban landscapes to integrate
trees into food systems and support transition to a bioeconomy. Agroforestry systems with native
fruit trees and traditional forest foods can contribute important macro- and micronutrients needed
to achieve nutrition and food security objectives. Orchards and plantations are important sources of
large volumes of nutritious foods, although loss of biodiversity by converting natural forests to single
plantings must be fully considered and avoided. The spectrum of production systems will be required
to achieve food security and nutrition.

Realigning forest production systems to a bioeconomy model is a process that may take decades.
In some perspectives, that process has been underway for many years, as is evident by efforts to ensure
Fair Trade, certification of production, and sustainability of sourcing. It will require involvement of all
stakeholders, from individual farmers to international level policy makers. Providing forest foods to
local and external markets will require integration of forests and trees across a mosaic of production
landscapes. Innovations and technology development are essential for a transition to a bioeconomy
with forest foods. Ultimately, transition to a bioeconomy where forests and trees are integral to food
systems will be driven by consumer demand, which can be influenced through social marketing and
education that is supported by research on such matters as phytochemistry, traditional practices, and
sustainable production methods.
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Abstract: Traditional consumption of plants, fungi and wild animals constitutes a reality for the
feeding of diverse human groups in different tropical territories of the world. In this regard, there are
two views within the academic community: (1) those who defend the importance of the traditional
consumption for family food security in rural areas, especially in tropical countries with emerging
development; and (2) those who affirm their inconvenience as they are considered vectors of rapidly
spreading diseases worldwide. A systematic literature review and an Analytic Hierarchy Process
(AHP) with experts were carried out to identify the contributing criteria and dimensions in Science,
Technology and Innovation (STI) that help evaluate the potential of wild foods for responsible
consumption in terms of human health and nature conservation. Four dimensions were identified.
The first three are: (1) importance of food for the community that consumes it (w = 0.31); (2) nutritional
value and risks for human health (w = 0.28) and (3) sustainability of the local use of wild food model
(w = 0.27). These three obtained similar integrated relative weights, which suggests the possible
balanced importance in the formulation of multidisciplinary methods for estimating the potential
of wild foods. The fourth identified dimension is: (4) transformation techniques for turning wild
foods into products with commercial potential, obtained an integrated relative weight of 0.14, which,
although is lower than the other three, still contributes to the potential of this type of food. The study
found ten assessment criteria to evaluate the identified dimensions, constituting a starting point to
estimate the potential of this type of food.

Keywords: assessment of wild food; dimensions in science; technology and innovation (STI);
estimation of potential; food security; tropical forest areas

1. Introduction

Wild biological diversity as a source of food resources, contributes to family food security through
ancestral practices of exploitation of fungi, plants and animals, especially in tropical forest areas [1].
These contributions are reflected at different levels of importance regarding their use. In many rural
areas they are the main option for the consumption of animal protein, cereals, tubers, vegetables and
fruits. In urban areas they constitute an alternative that complements the supply of non-wild and
commercial food within the usual family basket of the territory [2-9]. Wild foods also contribute to the
family economy through the generation of income from activities such as hunting, gathering, planting
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or raising plants, fungi and animals. Usually, the generation of economic income is derived from the
occasional or regular sale of said products and the economic resources obtained are used for family
subsistence [1].

The consumption of wild food is thus a reality for populations in different tropical territories of
the world. This reality deserves a deep analysis, as there are currently different studies that attribute to
zoonosis the origin of rapidly spreading diseases worldwide [10-13], and at the same time recognize the
contributions of wild foods to the family food security of these territories [1]. One way of solving this
dilemma is to generate empirical studies and arguments that enable responsible consumption of this
type of food, understanding the processes of manipulation and ingestion of wild foods as responsible
consumption that minimizes the risks to human health or biological and/or ecosystem conservation.

These studies are especially necessary in tropical areas that currently occupy some 4 billion
hectares and account for about 31% of the world’s land surface [14]. Some 800 million people live in
these areas [15,16] of whom 38% are undernourished [17]. Tropical forests are distributed in countries
in Africa, Asia and Latin America and the Caribbean.

The academic community has been making efforts in Science, Technology and Innovation (STI)
to address this need. Disciplinary studies define ethnobiological aspects to describe the wild species
of plants, fungi or animals consumed, the frequency and forms of this consumption, as well as
the social groups that consume them. This knowledge base serves to analyze the importance of
these wild foods in the food security of families living in specific territories [2,8,18-22]. This type of
analysis evaluates the nutritional value and risks to human health from the consumption of certain
foods (bromatological studies); evaluates possible techniques to develop different products with
more commercial potential [23-36]; and describes and/or enhances ancestral planting or breeding
practices [37—42]. All this information allows us to understand the importance of wild foods for
family food security in tropical areas. Even so, a knowledge gap continues to exist that enables
identification of wild foods that can be consumed and/or manipulated without risks to human health
or the conservation of natural resources. Furthermore, there is no known theoretical approach that
allows the multidisciplinary estimation of the potential of wild foods from its advances in STIL.

Therefore, the present study sought to contribute to the identification and definition of evaluation
alternatives of those dimensions in STI that define the potential of wild foods for responsible
consumption in territories associated with tropical forests. Once the dimensions are identified,
a methodological process is developed to weigh and rank them according to their importance in
explaining the potential of wild food. Prioritizing the dimensions according to their importance could
help define a logical order in evaluating the potential of a wild food. By evaluating the most important
dimension first, the non-positive results might indicate that the evaluation is not worth continuing,
unless these results can be reversed through STI processes. Finally, criteria are defined to guide the
practical measurement of each dimension. In order to meet these objectives, the following research
questions were addressed: (1) what are the dimensions in STI that define the potential of wild foods
for responsible consumption in tropical forest territories? (2) what is the relative importance of these
dimensions in defining the potential of a wild food? and (3) what evaluation criteria could be defined
to measure the identified dimensions?

The results generated in the present study—dimensions and evaluation criteria—will contribute
to the formulation of multidisciplinary methods that allow estimating the potential of wild foods;
an estimate that allows these foods to be analyzed as alternatives in planning food and nutrition
security in tropical forest areas where their traditional consumption is a reality today.

2. Methods

The methodological process conducted in the present study was developed under three stages
(see Figure 1). In the first stage, a systematic literature review was carried out, through which the
main dimensions in STI that define the potential of wild foods for responsible consumption in tropical
forest areas were identified. The second stage involved prioritizing these dimensions according to
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their importance in determining the potential of these foods. For the development of this stage,
15 experts were consulted. Experts were from different knowledge areas related to the use of wild
foods by human populations in tropical forest areas. One of the most frequent methods applied in
participatory processes in sustainable forest management [43-50] is the Analytic Hierarchy Process
(AHP). This method is the most popular multiple criteria decision method used in public participation
processes regarding nature resources management. In fact, according to Esmail and Geneletti [51]
and Diaz-Balteiro and Romero [52] over 98 applications of this tool have been recorded in nature
conservation and forest management. We applied this method to rank the dimensions in STI identified.
AHP is based on pairwise comparisons between criteria and alternatives, which are compiled into
square matrices whose coefficients are numerical values assigned to the preferences indicated by the
participants. Finally, in the third stage the evaluation criteria were defined as a proposal to value wild
foods in each of the identified dimensions.

i Literature Review |

Dimensions in STI : ;
| Analytic Hierarchy Process |

(Experts) : ‘ Analysis of the information

Assessment criteria

Prioritized dimensions

Contribution to the Evaluation of Wild
Food Potential

Figure 1. Methodological steps of the study.
2.1. Identify the Dimensions (Literature Review)

To identify the dimensions, it was necessary to previously recognize the importance of this type
of food for people who use it in communities associated with tropical forests as well as the main
challenges and needs in STI for responsible consumption. The recognition of the importance of wild
foods and their main challenges and needs in STI was carried out through a systematic literature
review, for which a methodological process of three stages was developed. That process includes:
(a) identifying and obtaining documents; (b) reviewing and selecting the most relevant documents and
(c) analyzing the information and structuring the results [53,54].

2.1.1. Identification and Retrieval of Documents

A total of 182 documents were identified among books, book chapters and scientific papers. To obtain
these documents, consultations were made on scientific websites: Web of ScienceTM Core Collection,
BIOSIS Citation IndexSM, BIOSIS Previews®, Current Contents Connect®, Derwent Innovations IndexSM,
Inspec®, MEDLINE® and SciELO Citation Index (all linked to WEB OF SCIENCE), as well as queries on
Google Academic. Searches were conducted in English and Spanish using keywords in the document
titles and were guided by the terms: wild foods, wild vegetables, indigenous vegetables, wild edible
plants, wild meat, edible wild fruit and bushmeat. Each of the words was also searched in combination
with the terms of food security and challenge. No language restrictions, years of publication, or area of
knowledge were programmed.

2.1.2. Review and Selection of Documents

Only documents published in peer-reviewed journals or books published by renowned publishers
were included. For the inclusion of a document, in addition to the above characteristics, it was verified
that its content contributed to answering the research questions raised in the present study and its area
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of study corresponded to tropical forest areas. After the review and analysis process of the 182 identified
documents, only 45 met the defined criteria and were included (8 books and 37 scientific articles).
These 45 documents are cited in the reference section of this article and the 137 documents discarded
are listed in Table A1.

2.1.3. Analysis of Information

Through a detailed review of the collected documents, the importance of wild foods for family
food security in tropical forest areas and the main challenges and needs in STI were identified, so that
this type of food could be responsibly consumed in these territories. During the analysis process for
the identification of these elements, and when necessary, contributions were made to the results based
on empirical experiences of the authors and/or knowledge generated during technical discussions in
regular meetings.

Finally, the identification of the dimensions of technological and/or scientific knowledge that
define the potential of wild foods was carried out through analyzing the main challenges and needs in
STI so that this type of food could be considered as a viable alternative in food and nutritional security
planning. The main arguments for the recognition of each dimension were the identification of its
contribution to understanding the importance of the food for the communities that consume it or its
possible contributions to the solution of the challenges and/or needs in STI.

2.2. Prioritize the Dimensions (Analytic Hierarchy Process)

To identify the preferences of each expert, the multicriteria decision making method Analytic
Hierarchy Process (AHP) was used [55] during the last three months of 2018. According to Saaty [56]:
“The purpose of the method is to enable the decision maker to structure a multi-criteria problem
by building a hierarchical model”. In this case the structure had two levels: objective and criteria.
The objective of the model in our study was: ordering dimensions according to their capacity to define
the suitability of wild food to be consumed in tropical forest areas, broken down into four criteria
corresponding to the identified dimensions. The schema of this methodology is shown in Figure 2.

Prioritization of the Dimensions (Analytic Hierarchy Process)

Comparison matrix 1 Comparison matrix i Comparisonmatrix 15
!

Ranked 1 Weights Ranked l Weights Ranked Weights
dimensions dimensions dimensions

Dimension1(1) Wi, Dimensioni(1) W, Dimension15(1) Wi,
Dimension1(2) | W, , Dimensioni(2) | w,, Dimension15(2) | W5 ,
Dimension1(3) | w, , Dimensioni(3) | W, 5 Dimension15(3) | W5,
Dimension1(4) | w, , Dimensioni(4) | w, , Dimension15(4) | W, ,

l

INTEGRATION OF PREFERENCES: Final rank of the dimensions &
W,, W, W, W, WEIGHTS

Figure 2. Structure of the dimension prioritization process.
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Pairwise comparisons were then performed between the dimensions. A pairwise comparison
matrix allows subjective assessments to be converted into relatively important global scores or weights.
The comparisons are done by asking the following question: How important is the Ci criterion
(dimension i) in relation to the Cj criterion (dimension j)?

A comparison matrix, C4x4, is built for every participant. Every entry C;; is a number representing
the comparison between criteria i and j, according to the scale used. A comparison matrix, C, has three
basic properties, namely positivity (Cij > 0, for all i, j); homogeneity (Cij =1, if criteria i and j are
considered equally important: specifically C;; = 1 for each i) and reciprocity (C;; = 1/Cj; for all §, j).
From this perspective, only 1/2m (m — 1) comparisons need to be made in the comparison matrix.

The AHP pairwise comparison scale was adopted from Saaty [57]:

1 = Both criteria equally important.

3 = Very slight importance of one criterion over the other.

5 = Moderate importance of one criterion over the other.

7 = Demonstrated importance of one criterion over the other.

9 = Extreme of absolute importance of one criterion over the other.

Values express intermediate preference between the two contiguous odd values.

Once all the participants’ matrices were obtained, we applied the eigenvector method proposed
by Saaty [57] to obtain the weights of the criteria from each matrix. As a measure of consistency of the
preference (if A is preferable or indifferent to B, and B is preferable or indifferent to C, then A is preferable
or indifferent to C) reflected in every matrix. We applied the Consistency Ratio CR = CI/RI, to measure
this transitivity, where CI, the Consistence Index is CI = (Imax — n)/(n — 1) and RI, the Random Index,
is RI = 1.98(n — 2)/n, Imax is the maximum eigenvalue of the matrix and 7 the number of rows of the
matrix. If CR is less than 0.1, then the preference is consistent and the estimate is accepted.

The comparisons were done individually by 15 research experts from different tropical countries
with training profiles and/or research experience in different areas of knowledge. These areas include:
(1) ethnobiology, (2) food and nutritional security, (3) agronomy and/or zootechnics, (4) biology
and/or ecology, (5) agricultural and/or natural resources economics and (6) agroindustry. The quality
requirements defined for the selection of the experts were: Doctor’s degree (PhD) with scientific
publications in high-quality indexed journals and having participated in research projects in their area
of knowledge.

The results obtained by each expert were averaged to obtain the final relative weight of each
dimension by the area of knowledge (see Figure 2). For each area of knowledge, the dimensions were
ordered by their importance and a hierarchy of importance was drawn that defined the potential of
wild foods for responsible consumption in territories associated with tropical forests.

In addition, three analyses of variance were carried out to see the relationship among the factors
“Area of knowledge” and “Dimension”, and the quantitative variable “Weight” obtained with the
AHP method. These three analyses were: (1) analysis of the influence of the “Area of knowledge”
on the average behavior of the variable “Weight” of the expert; (2) analysis of the influence of the
“Dimension” on the average behavior of the variable “Weight” of the expert and (3) if the factor
“Dimension” influenced the integrated value of the “Weights by area of knowledge”.

2.3. Define the Criteria

Once the dimensions were obtained and prioritized, a set of evaluation criteria was defined based
on the needs identified in STI during the literature review. The evaluation criteria were obtained from
a rigorous analysis process on the STI needs related to each of the identified dimensions. From this
perspective, a matrix was built in which each evaluation criterion responds to a mechanism to solve
aneed in STI. The evaluation criteria constitute the minimum conditions a wild food must meet for
responsible consumption or for being considered as a viable alternative in the planning of food and
nutritional security for tropical forest territories. Based on the results, a set of dimensions and their
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respective evaluation criteria is proposed to check the minimum conditions of wild food with respect
to its advances in STI.

3. Results

3.1. Key Challenges in STI of Wild Foods

Two main challenges in STI were identified in the literature review. They are the challenges for
wild food to be consumed in a responsible way or considered as a viable alternative in the planning
of food and nutrition security in tropical forest areas. They are related to (1) the negative effects on
biodiversity conservation as a result of unplanned extractive harvesting practices and (2) the possible
risks to human health due to the lack of assessment of their nutritional and health quality.

With regard to the first challenge, some studies conducted in different areas of tropical forest in
Africa and Latin America show concerns about the frequent and extractive use of wild plants, fungi and
animals. The most negative effects in the medium and long term are the reduction of populations of
vulnerable species, local extinction and habitat fragmentation, with consequences on the functioning
of ecosystems and people’s lives [1,9,58-62].

Concerning the second challenge, food products whose nutrition has not been studied, can generate
food imbalances for individuals who consume them instead of providing nutrients. This would be
counterproductive for food security [2,5,63,64]. In addition, more than 35 new infectious diseases
have emerged in humans [53] in recent decades, many of which are attributed to the handling and
consumption of plants, fungi or jungle animals [2,5,11-13,63-67]. Nevertheless, the consumption of
plants, fungi and wild animals in tropical forest areas as food is not commonly related to government
food security policies. On the contrary, this consumption is related to the ancestral traditions and
socio-cultural customs of local communities.

On a higher-detailed scale, these challenges could be expressed through the following needs and
dimensions in STI identified in the literature review.

3.2. Needs and Dimensions in STI That Define the Potential of Wild Foods

Ten needs in STI were identified in the literature review. They were analyzed and conceptualized
in four technological and/or scientific knowledge dimensions. These dimensions in STI constitute
the structural axes for estimating the potential of wild foods for responsible consumption as an
alternative resource in the planning of interventions in favor of food and nutrition security for tropical
forest territories. These dimensions are: (a) importance of food for the community that consumes it;
(b) sustainability of the local model of wild food use; (c) nutritional value and risks to human health and
(d) processing techniques into products with commercial potential. By its nature, the understanding of
these dimensions must be addressed from a multidisciplinary approach since knowledge is required
from different disciplines for the study such as sociology, anthropology, biology, ecology, economics,
agronomy, zootechnics, veterinary sciences and laws, among others. Each dimension and its respective
needs in STI are detailed below.

3.2.1. Importance of Food for the Community That Consumes It

This dimension defines the importance of wild foods based on traditional uses and other aspects
that shape the use of a food in a specific community. The food whose pattern of use (obtained through
scientific research) demonstrates the importance of this edible food’s usage for the territory will have
greater potential. Below are the needs for advances in STI related to the dimension: (1) recognition
and documentation of the traditional use of wild species in the feeding of communities living in
tropical forest territories to include lists of species used as food and studies with different types of
use where food is included, etc.; (2) recognition of the pattern of use of wildlife in the feeding of
communities in tropical forest areas, with special emphasis on the species/culture/territory relationship
and parts of the plant, fungus or animal used, ways of use, frequency of use, economic assessment of
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the contribution of these products to food and nutritional security, etc., and (3) identification of drivers
for the consumption of wild foods including preferences between wild and non-wild foods, limitations
to obtaining other alternatives, effects of culture on the consumption of wild foods, etc.

3.2.2. Sustainability of the Local Model of Wild Food Use

This dimension is based on the sustainability of the source from which wild food could be obtained
for family consumption and contribution to food and nutritional security in the territory. The wild food
will have greater potential if it has at least a sustainable harvesting mechanism tested in the territory.
The needs for advances in STI related to the dimension are: (1) recognition of supply sources of the
wild food in the territory whether extractive and/or non-extractive use; (2) generation of technological
and/or scientific knowledge on mechanisms for the sustainable use of wild food and (3) cost/benefit
analysis of such mechanisms.

3.2.3. Nutritional Value and Risks to Human Health

This dimension is based on technological and/or scientific knowledge about the nutritional value
of wild food products and the assessment of possible risks to human health due to their intake. The wild
food with known nutritional value whose result is similar or better than commercial non-wild foods
belonging to the same group (fruit vs. fruit, meat vs. meat, vegetables vs. vegetables, etc.) will have
greater potential. Food with studies showing that its consumption does not create risks to human health
will also have greater potential. Below are the needs for advances in STI related to this dimension:
(1) identification of the nutritional value of wild food products being consumed by human populations
in the territory studied; (2) identification of the biological assimilation of these wild food products and
(3) assessment of food quality with regard to risks to human health due to its consumption.

3.2.4. Processing Techniques into Products with Commercial Potential

This dimension values the technological and/or scientific knowledge advances about the
transformation of wild foods into products with potential economic importance for human communities.
Food with advances in technological developments that allow transformation into products with
commercial potential will have greater overall potential. There is one need for advances in STI related
to this dimension and that is: the generation of scientific knowledge, experimental developments
and/or technological developments for the transformation of raw materials into products with
commercial potential.

3.3. Sorting of the Dimensions According to Experts’ Preferences

Once the dimensions were identified, each expert using the AHP method arranged them in order.
The results of this consultation with the fifteen experts and the application of the AHP method can be
found in Table 1.

As a result of the application of the AHP method by each expert, the importance of each
dimension for each expert was obtained. This importance was expressed by the weights shown in
Table 1. These were the weights obtained for each expert who was using the AHP process for each
dimension. In Table 1, the experts were grouped according to their knowledge area to make it easier to
compare results.

Table 1 also shows that the consistency of preference for all experts was acceptable since no CR
value had exceeded the limit value of 0.1 [57].
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Once the results from the AHP method were obtained, they were analyzed using an ANOVA if the
knowledge area to which each expert belonged influenced the AHP results. The p-value of this test was
1, so we could not reject that the knowledge area did not influence the average behavior of the variable
AHP-weight. The residuals met the requirements of normality, (p-value of the Kolmogorov-Smirnov
test = 0.084217), homoscedasticity (Levene’s test p-value = 0.4972), independence (autocorrelation
coefficient for lag = 1 was —0.23514, which did not belong to the 95% Confidence Interval (-0.250031;
0.253031)), and the residuals average was 0.

These findings allowed us to analyze the AHP weights as a whole and not by the knowledge area.
We ranked for every expert the dimensions from the most preferred to the least according to their
AHP weight value and also integrated the AHP weights of the experts calculating the geometric mean.
Table 2 shows the global results of this ranking.

Table 2. Global preference order of the dimensions according to the experts’ individual rankings.

Dimension First Second Third Fourth Total Weight Standard Final
Place Place Place Place Integrated Value  Deviation Ranking
Importaﬁce of food for thg 5 6 3 1 15 031 0.17 1
community that consumes it
Sustainability of the local
model of wild food use 6 2 4 8 15 0.27 0-22 3
Nutritional value and risks to 6 3 5 1 15 028 02 2

human health

Processing techniques into
products with 1 4 2 8 15 0.14 0.11 4
commercial potential

The first columns of Table 2 show how many times each dimension has been chosen from first
place to the last one for the 15 experts together. These data have been obtained from Table 1 by ordering
the dimensions from the most preferred to the last for each expert and then counting how many times
each dimension is ranked in first, second, third or fourth place. The dimensions appear in the table in
order of preference. The result from the consultation with experts strictly analyzed by the relative
weight values suggest the dimension “Importance of food for the community that consumes it” as
the most important in defining the potential of wild foods for responsible consumption. A total of
11 experts out of 15 considered it as the first or second most important dimension. The following
dimensions in order of importance would be: “Nutritional value and risks to human health” and
“Sustainability of the local model of wild food use” with practically equal integrated weights: 0.28 and
0.27 respectively. The number of experts who consider them as the most important dimension is
the same, and they are the dimensions in which the standard deviation has been highest. Finally,
the dimension considered to be in the 4th position, by more than 50% of the experts, was “Processing
techniques into products with commercial potential”.

3.4. Criteria for Assessing the Potential of Wild Foods

Based on the literature review, ten assessment criteria are proposed according to the needs in STI
identified in each dimension. These criteria include the minimum conditions that a wild food must
meet to be responsibly considered for its consumption in territories associated with tropical forests.
Figure 3 shows the assessment criteria for each of the dimensions.

311



Forests 2020, 11, 687

Assessment criteria ]

*Food is regularly consumed in the territory.

Importance of
food for the
community that
consumes it

+The pattern of use of the wild food in the temitory is known: forms of use (raw food or in some kind of preparation). parts or by-products

used as food, deseription of culinary preparation (when applicable). frequency of family ion in the territory, ete.

+The consumption preference of this food has been technically demonstrated with respect to at least one non-wild food of the same group

!
1
1
1
|
1
1
1
1
'\ within the family basket of the territory.

~

.

I’ + The traditional sources for obtaining the food for family consumption in the territory are known.
1
| Sustainability of + There are proven mechanisms for sustainable use of the wild food in the territory. These mechanisms ensure the availability of the food
I the local model without risking the conservation of the wild species from which it is obtained or for any other species that coexist in its environment. The
| ofwild food use mechanisms are in linc with the applicable wildlife protection laws of the respective country
I
y +Positive cost/benefit analysis of the mechanisms for sustainable use of the wild food tested in the territory.
Y
< -
pTTTIIEES R

+Wild food having a nutritional value with similar or higher quality (in at least one bromatological characteristic) with respect to a non-wild

food of the same group. The results should be obtained through samples of the wild food obtained in the territory.
Nutritional value

and risks to

jone fesier «Wild food with positive results in biological assimilation studies carried out in the tervitory

spooj p[Ia Jo[enuajoq

1
1
1
1
1
1
1
1
: = Wild food with studies in the territory showing that its consumption does not entail risks to human health.

I
1

I Processing
| i
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commercial
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Figure 3. Evaluation criteria for each of the Science, Technology and Innovation (STI) dimensions that
define the potential of wild foods.

4. Discussion and Conclusions

The dimensions identified in this study were related to the approach of Arenas and Scarpa [68]
where it is stated that the recognition of the potential for human consumption of wild fruits depends
on three aspects: cultural acceptance, the abundance of the species in their natural environment and
fruit quality. The present research built upon this and proposed four dimensions in STI that define the
potential of wild foods as an alternative resource in the planning of food and nutritional security for
tropical forest territories. These dimensions are: (a) importance of the food for the community that
consumes it; (b) sustainability of the utilization model, (c) nutritional value and risks to human health
and (d) processing techniques into products with commercial potential.

The integration of the opinion of the experts has allowed ordering the dimensions by their
importance. The consistency of the results makes this ordering applicable in the decision-making
process. The results of AHP indicate the unanimity when considering the dimension “Importance of
food for the community that consumes it” the most important one. A diet should not be imposed
if there is no local tradition in its consumption. It is assumed that initiatives concerning food and
nutritional security that include traditional food in the territory could be more relevant and sustainable.

The AHP results also show that the nutritional quality of food consumed by the population
should be explored and considered first, as well as the management of sustainable use mechanisms,
before considering the processing of wild food and its exploitation for sale in local markets or other
places. On the other hand, the differences between the integrated weights of the first three dimensions
(a, b and c) vary between 8 and 10%, lower than the variability of the weights of these dimensions
(see Table 2). This indicates, for practical purposes, the need to consider the dimensions with equal
demand when deciding whether a food should be incorporated into the diet of a population or not.

Knowing the “Importance of food for the community that consumes it”, (a) how often it
is consumed and what people in the community consume it, is decisive in managing the foods,
since cultural preferences and traditional practices tend to maintain them and their modification is
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difficult [69]. Failure to apply sustainable wild food management (b) can lead to over-exploitation
of these species. In the case of forest species there is frequently multiple use of these items as food,
firewood, construction or fencing [69]. The dimension of “Nutritional value and risks to human health”
(c) will allow measuring whether the wild food consumed by a community meets the requirements
of an adequate diet for the population, as demonstrated by the work of Fungo et al. [70] in Nigeria,
Gabon and Congo, where, due to wild berries, they are able to get an adequate diet. Knowing the
nutritional value of food determines its safety for the health of the community. The lack of studies
on the risks consumption entails for human health can cause serious stomach problems, pains in
the chest or even the death in these tropical areas [71]; or complex problems such as the COVID-19
pandemic [11-13], which is attributed by some experts to the unplanned management and consumption
of wildlife.

The results of the fourth dimension on processing techniques (d) also show their contribution
to estimating the potential of wild foods, but the other three dimensions should be addressed as a
priority and are considered by experts to be more important.

The ten criteria defined for the evaluation of the four dimensions form the basis to create
mechanism that allow the formulation of multidisciplinary methods (qualitative and/or quantitative)
for estimating the potential of wild foods for responsible consumption or as an feasible alternative in
planning food and nutrition security for territories associated with tropical forests.

The dimensions and criteria presented are not intended to be suggested as absolute variables for
evaluating the potential of wild foods for responsible consumption in tropical forest areas. On the
contrary, this study seeks to contribute to discussions on methods for multidisciplinary estimation of
the potential of this type of food that, although not officially included in the planning of food security
policies, does constitute a reality for the food of various human groups in different tropical territories
on this planet.
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