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Abstract: Homestead aquaponic production has been proposed as a reasonable alternative for
obtaining food within the framework of the circular economy. However, little is known about the
ability of homestead aquaponics to contribute to a healthy diet and the savings it represents on the
cost of such diets for inhabitants of economically depressed communities. In the present work, based
on a case study, the nutritional contribution of vegetables and fish produced in one year has been
calculated, with the goal of determining the contribution of aquaponics to the healthy diet of an
adult during this study period. The amount of external food products that should be purchased, the
nutritional contribution of the complete diet (comparing it with that of a Mediterranean diet), and its
cost have also been determined. The results show that achieving a balanced diet in macronutrients,
minerals and essential nutrients with aquaponics is feasible, with a real cost of about 3.07 euros per
person per day, amounting to a mean savings of 22% compared to the market price of food. The
percentage of nutrient contribution of aquaponic foods exceeds in most cases 20%, being especially
high for protein, dietary fiber, some minerals such as potassium, and vitamins.

Keywords: aquaponic food; homestead aquaponics; Mediterranean diet; diet cost; nutritional contribution

1. Introduction

Unequal food production and distribution reflects complex factors related to polit-
ical will, resource scarcity, land affordability, energy costs, fertilizer, and transportation
infrastructure [1]. Consequently, there is a need to change the economic model of infinite
growth into sustainable development, that starts with innovative, agroecological farm-
ing systems that balance human needs while maintaining the capacity of the biosphere
to provide the necessary goods and services [2]. Food production through aquaponics
meets these sustainability requirements since it integrates hydroponic plant production
with aquaculture, where fish waste is microbially converted into hydroponic nutrients
that are absorbed by the plants [3]. Aquaponics aligns with the principles of creating an
ecosystem-based approach to farming as it has a great potential to produce local food for
subsistence [4] while minimizing inputs and contaminant effluents [5]. This farming system
is perfectly adjusted within the circular economy framework and has been classified as one
of the ten technologies that could have a relevant impact on society, yet has not been fully
considered [6].

One advantage of aquaponic food production is the small footprint required to pro-
duce a significant amount of food, reducing transportation costs and providing healthy
food inside city centers or food deserts. Locally produced aquaponic food includes all
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three dimensions of sustainability: (1) creating local economic value, (2) reducing the
environmental effects of food transport (carbon footprint reduction), and (3) improving
personal well-being by providing healthier, more nutritious, fresher, and better-tasting
food [7]. In this sense, aquaponic food production farming systems have the potential
to both support environmental sustainability and nourish human health, as well as the
challenge of providing healthy diets to an ever-growing human population [8].

Food security is reached “when all people, at all times, have physical and economical
access to sufficient, safe, nutritious food that meets their dietary needs and food preferences
for an active and healthy life” [9]. A combination of food products that only meets energetic
needs could be enough for short-term survival, but not for long-term health or well-being,
as reported in the background paper for the State of Food Security and Nutrition in the
World 2020 [10]. In this report, three increasing levels of diet quality were defined as a
stairway of affordability from subsistence to health: (a) energy sufficient diets to meet the
needs for short-term subsistence, (b) nutrient adequate diets to meet required levels of all
essential nutrients and (c) healthy diets including foods from varied groups, culturally
acceptable and with a minimum standard for palatability.

However, healthy diets are always more expensive than diets aimed at satisfying only
caloric needs, as has already been pointed out in previous studies, and may be less palatable
than diets based on empty calories with high sugar and fat content [10,11]. If we also consider
that, according to Engel’s law [12], the increase in food prices has a disproportionate effect
on households with less income, where the percentage of income allocated to the purchase
of food increases significantly, the conclusion is that the differences between the diets
consumed by the social classes with high and low income are accentuated [11].

As previously stated, a nutritious and varied diet is essential to maintain good health.
Diets based on animal-sourced foods are rich in certain nutrients, e.g., vitamins A and By,
iron, and zinc, are therefore of high importance for vulnerable populations [13]. The same
applies to fresh vegetables, which are rich in vitamins and minerals with direct benefits
for eradicating extreme poverty and hunger, reducing child mortality, and improving
maternal health [14]. In this context, aquaponic homestead production can be an important
form of social protection, as fish protein, vegetables and fruits are recognized as the core
components of a healthy diet. These core components also tend to account for a large
component of the diet cost [11]. Backyard subsistence farming can contribute to household
autonomy and potentially lower diet costs when offset by family labor [15]. Nevertheless,
in the scientific literature it is not possible to find information on the nutritional contribution
of this type of production system to achieve a healthy diet, nor the balance of food items,
such as staple crops subsistence farmers should purchase from external sources. Having
these data is essential to assess the real cost that a healthy diet would have for the users of
these homestead production systems.

In Seville, Spain, the “Poligono Sur” community with a population of around 50,000
people is recognized as one of the most marginalized and poorest neighborhoods in the
country. Residents from this community have the lowest life expectancy rates compared to
the rest of Seville due to high rates of unemployment and school absenteeism [16]. As a
consequence of low family income and high food prices, fresh produce and protein-rich
animal sourced foods such as fresh fish is limited. In recent years, technology transfer
projects on subsistence aquaponics farming have been developed and extended to the com-
munity by the Aquaponic Research Group of the Higher Technical School of Agricultural
Engineering (ETSIA) of the University of Seville, installing a small-scale prototype in a
high school in Poligono Sur to study food production [17] and economic profitability [15]
of these backyard systems to contribute fresh fish and produce in the community.

The hypothesis proposed by this study is that, based on the production data available
from the above-mentioned research, it is possible to assess its contribution to a healthy diet
and plan the external foods that would be necessary to buy, achieving a final price lower
than that of a diet based on 100% purchased food.
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2. Materials and Methods
2.1. Location and Description of the Aquaponic System

The research was carried out at the Secondary School “Joaquin Romero Murube”,
located in the Poligono Sur neighborhood (Seville, Spain).

A microscale aquaponic systems (MAS) was fabricated following the recommended
designs by FAO [4] and was maintained in a 45 m? polyethylene greenhouse. The MAS
(Figure 1) consisted of a fish production tank made from an IBC (intermediate bulk con-
tainer) (1.0 m x 1.2 m x 1.0 m) with 0.95 m? of water, a 0.45 m? cylindrical-conical shape
clarifier, and three different hydroponic subsystems: (1) Nutrient Film Technique (NFT):
consisting in five 5 m length and 0.11 m diameter PVC pipes, each with 12 holes (0.05 m
diameter), (2) a 0.4 m deep media growing bed (GB): built from an IBC cut in half with
0.4 m® of pre-washed expanded clay, and (3) a 0.40 m deep water culture (DWC) tank
containing 0.54 m® of water and covered with an extruded polystyrene foam sheet with
3 holes (0.05 m diameter) to support plant growth. The DWC tank also served as sump
tank for the entire system. From the sump, 80% of the return water is recirculated to the
fish tank by a submersible SunSun JTP (4800 Lh~! and 32 w) pump. The remaining 20%
of the return water was recirculated to the NFT hydroponic sub-system. The total plant
culture area was 4.56 m2. The total recirculating water volume of the single loop aquaponic
system was 1.8 m3.

@ e’

bwc

Clarifier

Figure 1. Schematic of the MAS with the three hydroponic sub-systems: Grow Bed (GB), Deep Water
Culture (DWC) and Nutrient Film Technique (NFT). Blue arrows indicate water flow.

This system was maintained over a full year from 24 April 2018 to 24 April 2019.
Management and maintenance were carried out by research team as a family would;
selecting and introducing plant species according to the season, and harvesting plants and
fish at the most suitable point for consumption (maturity stage for vegetables and desired
weight for fish). The water was heated by means of a self-constructed thermo-solar panel
which powered a water heater when water temperatures fell below 20 °C.

2.2. Plants and Fish Production

Twenty-two species of vegetables were cultivated in the MAS for one-year period,
with a crop rotation and polyculture between fruits, vegetables and herbs and fish, with
the objective of providing a family with a diversity of products to achieve a nutritionally
healthy diet.

Red hybrid tilapia (Oreochromis niloticus x Oreochromis mossambicus) fingerlings were
initially acquired from the “Aula del Mar” hatchery (Malaga, Spain). When the fish mean
weigh reached 15 g, the tilapias were transferred to the Joaquin Romero Murube secondary
school. Once there, 110 fingerlings were introduced in the MAS (total biomass: 1615 g).
Fish were fed four times a day with Skretting TI-3 tilapia compound feed (32.6% of protein
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and 6% of fat). The fish feed rate was between 1 and 4% of total fish weight and was
adjusted to accommodate fish growth. The maximum fish density reached was 20 kg m 3
as fish were harvested in a staggered manner. Throughout the year, a total of 33.5 kg of
tilapia and 177.7 kg of different plant species and cultivars (tomato, watermelon, eggplant,
cucumber, pepper, basil, onion, stevia, pumpkin, melon, chard, broccoli, cauliflower,
cabbage, strawberry, potato and lettuce) were produced [17].

2.3. Calculation of Food Groups and Nutritional Contribution of Aquaponic Production

The main groups and subgroups of foods required for a healthy Mediterranean diet
were identified using the classification proposed by the United States Departments of
Agriculture (USDA) and of Health and Human Services (HHS) [18]. It should be noted
that foods produced in aquaponic systems (fish, vegetables, fruits, herbs, etc.) are highly
perishable and contribute to the total cost of a healthy diet (63% of the total cost). The
remainder of the food groups, except dairy and meat, correspond to non-perishable foods
(cereal grains and their derivatives, legume grains, fats and oils, etc.), which are easily found
in the market and at affordable prices. The recommended daily amounts of the different
food groups that are part of a healthy, 2000 calories per person per day Mediterranean diet
according to USDA and HHS [18], are displayed in Table 1.

Table 1. Healthy Mediterranean diet with recommended daily amounts (cup equivalents or grams)
from food groups, subgroups and components [18].

Food Groups Food Subgroups (Units/Day) Daily Amount
Dark green vegetables (cup eq/day) 0.21
Red and orange vegetables (cup eq/day) 0.79
Vegetables Beans, peas, lentils (cup eq/day) 0.21
Starchy vegetables (cup eq/day) 0.71
Other vegetables (cup eq/day) 0.57
Fruits (cup eq/day) 2.5
. Whole grains (g/day) 85.05
Grains Refined grains (g/day) 85.05
Dairy (cup eq/day) 2
Seafood/fish (g/day) 60.75
Protein foods Meats, poultry, eggs (g/day) 105.3
Nuts, seed, soy products (g/day) 20.27
Oils (g/day) 27.0
Limit on calories for other uses (12% of total energy) * 240.0 kcal

* Calories from added sugars, solid fats, added refined starches, alcohol, and/or to eat more than the recommended
amount of nutrient-dense foods are accounted for under this category.

Each vegetable produced by the MAS was assigned to the corresponding food group,
including the fish, to determine estimated nutritional deficiencies in the different food
groups. Using these data, a list of food items to purchase were provided to complement the
nutritional requirements not satisfied with aquaponics production. To do this, the foods
most consumed by Spaniards during the trial period (2018-2019) [19] were added to each
of the defined categories until the estimated average caloric intake of 2000 kcal per person
was reached.

Since there is no evidence that the nutritional composition of foods, fish [20] and
vegetables [21] produced in aquaponic systems, differ from those produced in conventional
systems, the nutritional contributions of all the ingredients of the diet were estimated for
the total energy, protein, carbohydrates, fiber, minerals and vitamins provided by the MAS.
For these calculations, the USDA “FoodData Central” database [22] tables on nutritional
value of foods were used.
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To define the daily nutritional requirements of an adult, the average value for men
and women aged 31 to 50 years was calculated [18]. Those requirements were compared
with the nutritional contribution of aquaponic products, computing the percentage of
contribution associated to the MAS, and the total contribution to the final diet (aquaponics
produces and purchased food).

For the determination of the total cost of the diet, costs of purchased foods were
estimated using retail market prices in Spain in 2019 [19] and, for aquaponics produced
foods, the market prices were attributed utilizing data in a previous study [15]. The sum
of both costs was considered the market price of the healthy diet for the studied systems.
The real cost of the aquaponic diet was determined using only running costs, ignoring
the cost attributable to family labor. This exception is justifiable due to the high rate of
unemployment in the neighborhood under study. The difference between the market price
of aquaponic products and the running costs associated with their production is considered
the financial savings achieved with these systems, and it is calculated as a percentage of
the total market price of the diet.

3. Results
3.1. Plant and Fish Production

The total weight of horticultural production, number of plants and fruits, average produc-
tion per plant and average weight of fruits or leaves in the different hydroponic subsystems
were recorded. The fish production was also monitored and growth indicators calculated.

Total annual production per plant production area in MAS was 38.96 kg m~2, while
the total tilapia production was 33.5 kg. An in-depth description of the total productions of
the 22 plant species and cultivars and fish throughout the year of study can be found in
Suarez-Caceres et al. [17], and is summarized in Table 2.

Table 2. Composition of 2000 kcal diet including aquaponics food production from MAS and
purchased food products compared with daily recommendation (cup equivalents or grams) for

one adult.
Aquaponic Purchased Final Diet Daily Rec.
Cups or Cups or
Food Subgroup kg/Year Cups or g/Year kg/Year Cups or g/Year g/Person/Day g/Person/Day
Basil 1.78 74.17
Stevia 0.22 9.17
Chard 9.34 259.44
Broccoli 2.93 38.55
Chinese cabbage 1.73 24.71
Lettuce 68.72 954 .44
Dark green 84.72 1360.49 3.73 0.21
(cups)
Tomato 22.65 125.83
Red pepper 4.66 31.28 9.00 60.40
Pumpkin 4.63 18.90 11.00 44.90
Red and 31.94 176.01 20.00 105.30 0.77 0.79
orange (cups)
Eggplant 3.34 33.74
Cucumber 18.52 178.08
Pepper 12.47 83.69
Onion 0.06 0.47
Cauliflower 0.49 4.90
Cabbage 0.52 5.84
Zucchini 16.84 149.03
Other vegetables 52.24 455.74 1.25 0.57
(cups)
Potato 2.50 17.86 34.00 242.86

Starchy (cups) 2.50 17.86 34.00 242.86 0.71 0.71
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Table 2. Cont.

Aquaponic Purchased Final Diet Daily Rec.
Cups or Cups or
Food Subgroup kg/Year Cups or g/Year kg/Year Cups or g/Year g/Person/Day g/Person/Day
Chickpeas 6.00 30.00
Beans 4.10 22.28
Lentils 5.00 26.04
Beans, peas, 15.10 78.32 0.21 0.21
lentils (cups)
Watermelon 4.90 32.24
Melon 0.66 4.34 32.00 210.53
Strawberry 0.74 514
Orange 46.00 278.79
Banana 30.00 200.00
Apple 24.00 14.12
Pears 17.00 12.14
Mandarin 16.00 82.05
oranges
Fruits (cups) 6.30 41.72 165.00 797.63 2.30 2.50
Bread 31.00 31,000.00
Whole grain (g) 31.00 31,000.00 84.93 85.05
Rice 11.00 11,000.00
Pasta 13.00 13,000.00
Flour 5.00 5000.00
Refined grain (g) 29.00 29,000.00 79.45 85.05
Milk 115.00 461.85
Yogurt 30.00 122.45
Cheese 3.00 28.57
Dairy (cups) 148.00 612.87 1.68 2.00
Tilapia 33.50 33,500.00
Seafood (g) 33.50 33,500.00 91.78 60.00
Poultry meat 6.00 6000.00
Eggs 7.00 7000.00
Pork 5.00 5000.00
Beef 2.00 2000.00
Meat. Poultry. 20.00 20,000.00 54.79 105.30
Eggs (g)
Nuts and seeds 8.60 8600.00
Nuts. Seeds and 8600.00 8.60 8600.00 23.56 27.00
soy products (g)
Olive oil 12.00 12,000.00
Oils (g) 12.00 12,000.00 32.88 27.00
Sugar 2.20
Others 2.20

3.2. Contribution of Aquaponic Production to a Healthy Diet

Table 2 shows the total production of MAS, along with the amount of purchased food
products necessary to achieve a 2000 kcal diet that complies with the daily recommendations
of cup equivalents or grams for an adult. Production in MAS only accounted for highly
perishable products such as fresh fish and vegetables. Long-life foods such as dried cereals
or derived products (flour, pasta, bread, rice, etc.), dried legume grains, and oils nor food
from land animals such as dairy, meat or eggs (foods necessary for a healthy diet) should
be purchased separately by the family.

The MAS produced a surplus of dark leafy green vegetables, with respect to the
amount recommended for a balanced Mediterranean diet (3.52 cups excess), due to their
high production of lettuces. There was also a surplus in the food category Other Vegetables
(0.68 cups) which was associated to cucumber, pepper, eggplant and zucchini productivity.

Although initially it might be thought that aquaponic systems would provide adequate
amounts of all fresh vegetables, excesses in some categories were detected, such as those
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mentioned above, there were deficits in others such as red and orange, starchy vegetables
and fruits. Therefore, purchased foods (potatoes, red pepper, and pumpkin) were included
for these latter food categories.

In aquaponic systems, plants capable of extracting large amounts of nitrogen from fish
effluents are usually grown, so it is not common to plant legumes. For this reason, all foods
in the category Beans, Peas, and Lentils were purchased (15.1 kg). Other non-perishable
products were purchased, such as grains (60 kg), sugar (2.2 kg) and oils (32.88 kg) and
included in the item of Energy Foods. Even though sugar is not an advisable element in a
healthy Mediterranean diet, its use is common in Spanish diets. Sugar recommendations
are limited to a maximum of 12% of the total energy in the diet. In our case, the amounts
corresponding for Sugar Calories were below 1.5% of total energy of the diet.

In relation to protein foods, a significant fraction corresponded to the contribution of
fish from the aquaponic system. Increased fish productivity contributed to an excess of
protein in the diet (31.78 g per person and day more), though not reaching the recommended
values for the protein food categories dairy, meat, poultry and eggs and nuts, seeds, and
soy products.

Once the foods provided by the MAS and those purchased to complete the energy
needs calculated for adults between 31 and 50 years of age were identified, the contribution
of macronutrients, minerals and vitamins of these foods was determined using the USDA
“FoodData Central” database [22]. The results for calculated diets are shown in Table 3.

Table 3. Daily nutritional contributions of MAS (total and percentage of the final value provided by
diet), purchased food and final diet in relation to daily nutritional goals.

M‘acronutnen.t S/ . Source of Goal P DNG ¢ MAS Purchased Food Final Diet % MAS
Minerals & Vitamins 2

Energy (Kcal) RDA 2000 178.40 1821.58 1999.99 8.92
Protein (g) RDA 51 23.76 58.56 82.33 28.86
Carbohydrate (%XKcal) AMDR 45-65 3.93 48.33 52.26 7.53
Fiber (g) 28 5.97 23.66 29.63 20.14
Total lipids (%Kcal) AMDR 10-35 1.09 32.89 33.97 3.20
SFA (%Kcal) DGA <10 0.32 8.46 8.78 3.67
MUFA (g) 0.53 40.06 40.58 1.30
PUFA (g) 0.70 9.49 10.19 6.87
18:2 (g) Al 14.5 0.34 8.56 8.91 3.85
18:3 (g) Al 1.35 0.20 0.79 0.99 19.99
Ca (mg) RDA 1000 125.41 814.31 939.72 13.35
Fe (mg) RDA 13 3.35 10.78 14.14 23.71
Mg (mg) RDA 370 104.25 279.77 384.02 27.15
P (mg) RDA 700 289.71 1084.96 1374.67 21.08
K (mg) Al 3000 1273.81 2876.77 4150.58 30.69
Na (mg) CDRR 2300 152.59 601.73 754.32 20.23
Zn (mg) RDA 9.5 1.30 8.11 9.41 13.83
Vitamin A (mcg RAE) RDA 800 597.68 623.73 1221.40 48.93
Vitamin E (mcg AT) RDA 15 2.25 6.77 9.03 24.94
Vitamin D (IU) RDA 600 113.81 186.82 300.62 37.86
Vitamin C (mg) RDA 82.5 98.09 163.22 261.31 37.54
Thiamin (mg) RDA 1.15 0.27 149 1.76 15.44
Riboflavin (mg) RDA 1.2 0.29 1.59 1.88 15.45
Niacin (mg) RDA 15 5.45 13.00 18.44 29.53
Vitamin B-6 (mg) RDA 1.3 0.61 1.64 2.25 27.02
Vitamin B-12 (mcg) RDA 24 1.45 242 3.87 37.46
Choline (mg) Al 487.5 82.31 256.42 338.73 24.30
Vitamin K (mcg) Al 105 405.65 39.25 444.89 91.18
Folate (mcg DFE) RDA 400 139.66 454.46 594.12 23.51

2 AT = alpha-tocopherol, DFE = Dietary Folate Equivalent, IU = International Units, RAE = Retinol Activity
Equivalents. ® AT = Adequate Intake, AMDR = Acceptable Macronutrient Distribution Range, CDRR = Chronic
Disease Risk Reduction Level, DGA = Dietary Guidelines for Americans, 2020-2025, RDA = Recommended
Dietary Allowance. € Daily Nutritional Goal: average values for males and females from 31 to 50 years old [18].

Regarding the contribution of macronutrients in the diet, energy content provided
by the MAS was low, accounting for just 8.92% of final diet. To achieve an adequate
energy content, purchased food played an important role by contributing the majority
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of non-perishable energetic products (grains, dry legumes, nuts and seed, oil and sugar).
However, increasing energy contents with purchased food derived to an increment in
protein, exceeding daily recommendations, as it was stated above.

Contributions of aquaponic products to total contents in carbohydrates and fiber were
around 7.5 and 20%, respectively. Carbohydrates in the calculated diet provided about 52%
of total energy, a value within the established acceptable distribution range of 45-65%. The
dietary fiber content was also adequate, with values greater than the required 28 g.

As for lipid contributions, total lipids and saturated fatty acids (SFA) were found ade-
quate with <35% of total energy provided by lipids, and <10% of energy provided by SFA.
However, linoleic and linolenic acid contents resulted lower than those required (14.5 and
1.35 g, respectively). Despite the reduced relevance of the lipid contribution of aquaponic
products to the final diet (around 3%), a low influence on SFA and monounsaturated fatty
acids (MUFA) was observed in the final lipid profile (around 3.7 and 1.3, respectively),
while the contribution to polyunsaturated fatty acids (PUFA) was much higher (around
6.9%), especially for linolenic acid (around 20%).

Mineral contribution of diets was found adequate for all considered elements, except
for calcium, zinc, and sodium. However, these nutrients are not limiting, as deficits for
calcium and zinc are not important and sodium is low cost, and commonly utilized in salts
in Mediterranean cuisine. The percentage of minerals provided by the aquaponic products
was close to or above 20% of the total minerals found in the diet, except for the deficiencies
in calcium and zinc minerals for which values close to 13% were reached.

Deficits have only been found for three essential nutrients (vitamins E and D and
choline), for which aquaponic products provided between 24 and 38% of the total diet.
For vitamin K, on the other hand, there was a significant excess, contributed by the high
production of lettuce in these systems. Approximately 91% of the total vitamin K in the
diets came from aquaponic (dark green vegetables production). For the rest of nutrients
in this category, adequate nutrition was achieved with a high contribution provided from
aquaponics products (15.5-49%). Vitamin A was one of the most prominent among the
vitamins provided by aquaponic systems, due to its high content in many of the red, orange
and yellow fruits and vegetables produced.

3.3. Final Price of a Mediterranean Healthy Diet Complemented with MAS Food

To estimate the savings that can be achieved through household aquaponic food
production from the total costs of a healthy Mediterranean diet, the equivalent market
value (including production costs) was determined for the aquaponic products in a previous
study [15]. The market prices of purchased food were calculated using the average price of
food published by the Ministry of Agriculture, Fisheries and Food of Spain in the year in
which the study was conducted [19]. Table 4 shows the results of the economic balance of
the results of incorporating food from aquaponic systems to formulate a healthy diet. The
market price of a healthy diet fell from 3.95 to 3.07 euros. This price reduction represents
savings of 22.25% between years 2018 and 2019.

Table 4. Economic balance of the formulation of healthy Mediterranean diets using aquaponic
food production.

€/Year €/Person Day

Equivalent market price of aquaponic products 656.15 1.80
Running costs of aquaponic products 335.11 0.92
Market price of purchased food 786.65 2.16
Market price of final diet ? 1442.80 3.95
Adjusted cost of the final diet 1121.76 3.07
Saving with MAS 321.04 0.88
Saving (%) 22.25%

2 Market price of final diet = market price of aquaponics products + market price of purchased food; ® adjusted
cost of the diet = running costs of aquaponics products + market price of purchased food.
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4. Discussion

The supplementation of aquaponic products with purchased foods commonly con-
sumed by Spaniards during this study period was relatively simple. However, differences
were observed between the quantities of some foods assigned to follow the guidelines of
a healthy Mediterranean diet and those consumed on average by Spaniards in 2019. By
comparison, the annual per capita consumption in 2019 in Spain was 10 kg of fresh fish and
57 kg of fresh vegetables [19], while in our study fish and vegetables produced per family
member were 16.8 and 88.9 kg, respectively. It can be stated that Spaniards consumed less
fish than recommended by the USDA and HHS [18], probably in response to the increase
in the price of fish [23].

Some foods like dark leafy greens would satisfy the requirements, even providing an
excess for them, which also occurred with the “Other Vegetables” group. Conversely, for
red and orange, starchy vegetables and for legumes (beans, peas, lentils) the quantities
produced by the aquaponics system were insufficient, so it was necessary to purchase food
from all those categories. In order to maximize production in the aquaponic system, the
importance of crop planning and rotation each month, taking into account the seasonality
of the vegetables and fish growth, is necessary to meet the nutritional needs of the family.
From a practical point of view, it would be preferable to reduce the number of “dark
green” (mainly lettuce) and “other vegetables” produced and dedicate the space to the
production of “red and orange” vegetables and “fruits” and purchase dried legumes as
they are inexpensive, readily available and are easy to preserve.

Due to the characteristics of aquaponics production systems, it was also necessary to
consider the purchase of other food groups such as grains, dairy products, meat, poultry
and eggs, nuts, seeds and oil. However, the production of fish made it possible to satisfy
these additional nutritional needs and perhaps obtain a surplus that could be sold or
exchanged for other deficit foods.

It is important to highlight that an important fraction of the food produced from the
MAS corresponded to fresh products of high nutritional quality (nutrient-dense foods),
which are often expensive and difficult to acquire for the inhabitants of disadvantaged
communities. On the contrary, most of the foods purchased are usually easily available in
the markets, and can have unbalanced nutritional values due to their high energy contents
(grains, oils, sugar, etc.).

Once the final diet was calculated by adding the foods purchased to those produced
in aquaponics, it was observed that to reach the required energy levels, an excess of protein
was obtained. However, this excess of protein is not a cause for concern since humans
can safely consume up to 2 g of protein per kg of body weight, tolerating values of 3.5 g
per day per kg of body weight in well-adapted subjects [24]. Furthermore, for the rest
of the macronutrients (carbohydrates, fiber, lipids and SFA) the nutritional intake of the
calculated diet was adequate. Something similar occurred with the mineral content, with a
slight deficit in calcium and moderate in sodium that could be easily and cheaply corrected.
Only the deficit reported for some essential nutrients such as choline could be of concern,
although it could be easily corrected with crop planning that would allow a greater amount
of animal sourced food such as chicken eggs to enter the diet without exceeding protein
requirements. The excess of vitamin K in the diet was caused by the overproduction of dark
green vegetables that are rich in this type of vitamin [25], although it would be resolved
with a correct planning of crops, it is not worrying due to the high tolerance in humans,
especially to phylloquinone, with values higher than those provided by the calculated
diet [26,27].

According to Herforth et al. [10], the daily cost of a healthy diet (USD 3.27-4.57, with
a median cost of USD 3.75) can be up to five times more expensive than that of a diet
sufficient in energy (USD 0.79), and costlier than that of a diet just adequate in nutrients
(USD 2.33). This daily cost is well above the international poverty line of USD 1.90, not to
mention the upper limit of the poverty line of USD 1.20 that can realistically be set aside for
food [10]. From these data, it can be estimated that about 3 billion people (43.2% of world
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population) cannot afford the least costly healthy diet, and 1.5 billion people (most of them
living in Southern Asia and Sub-Saharan Africa) cannot reach a nutrient adequate diet.
This is in contrast to the southern Europe population where only 3.6% of the population
cannot afford a healthy diet [10].

The market value of the products consumed in this study with an aquaponics system
was 3.95 €, which is within the range previously described for a healthy diet. However,
when considering the savings achieved through the self-production of aquaponic food
(around 22%), the adjusted daily cost would be reduced to 3.07 €, which is well below
the reported range for a healthy diet, yet still above the international poverty line of USD
1.90 [10]. This reduction in the cost of food is even more relevant in the post-pandemic
COVID-19 context, as supply chain issues during the pandemic led to an increase in food
prices that raised food insecurity to 82% [28].

It is remarkable that the studied MAS can supply a significant component of a healthy
diet for an adult, through animal-based food (tilapia) that are rich in vitamins A and B,
iron and zinc [13] and through fresh vegetables, which are rich in different vitamins and
minerals [14]. This type of food is essential in resource-poor communities, as seen in
sub-Saharan African countries such as Nigeria, where low fish consumption can lead to
malnutrition and high rates of stunting among children under 5 years of age [29].

It is even probable that vegetable production in the next seasons would likely have
been significantly greater in the current system as the studied MAS was not totally matured.
An aquaponic system traditionally requires more than one year to develop a stable and
adequate microorganism population in the biofilters.

In view of the present findings, it is important to consider a number of factors for
supplying the nutritional needs of a family. The factors include developing scalability
within an aquaponic production to identify the optimal size of the systems, the fish and
plant species that are easiest to maintain for a family, especially to maintain the diversifi-
cation of vegetables for self-consumption purposes. Additional studies that evaluate the
optimization of production, resources (facilities, species, labor) and the maintenance of
this type of production from a technical point of view (water quality, nutrient balance,
biosecurity) are needed.

The environmental benefits from this type of urban production must also be mentioned.
The reuse of water and effluents from a recirculating aquaculture system in an aquaponic
facility contributes towards a greater circular economy framework positively impacting
the environment, by converting waste material into a fertilizer input. The repurposing
of waste products should be included in the evaluation of greenhouse gases associated,
not only with food production in the cities, but also with the transport of food from farms.
In this sense, the studies carried out by Lee et al. [30] estimated that in the city of Seoul,
CO; emissions could be reduced by 11.67 million kg per year with urban agriculture
productions, which is the equivalent of the amount of CO, absorbed annually by a 20 km?
pine forest. Furthermore, additional positive contributions of these production systems are
notable, such as the improvement of food security and self-sufficiency, which in cities such
as Sydney (Australia) could reach 15% of total agricultural production [31].

Policy makers need to make a more focused effort to develop agendas that priori-
tize the development of urban and peri-urban farms in short- and long-term agriculture
planning [29]. The diversification of agricultural products will thus ensure food security, a
variety in dietary options, which will make it possible to sustain agro-ecosystem functions
and their structures and processes [28]. In this sense, aquaponics is still in a very infantile
phase, and there are no mature measures in place to achieve commercial objectives [32].
This makes it significantly more urgent for policy makers and governments to support
small-scale and urban farms.

5. Conclusions

It was demonstrated that a micro-scale aquaponic system can provide part of a healthy
and balanced diet, with enough vegetables and fish for an adult for a whole year. However,
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there is still a significant lack of studies on the aquaponic production of polycultures
(production of different plant species) for self-consumption. It is essential for this type
of production to correctly manage the plant species to be cultivated to maximize the
supply of essential nutrients and yields, while minimizing the cost of the diet. If planned
and executed correctly, a dietary cost savings of 20% can easily be achieved, allowing
the most disadvantaged communities to access nutrient-dense foods that they would
not otherwise be accessible and affordable. Further work is in progress that integrates
new complementary trophic levels and improves the environmental sustainability and
profitability of these systems.
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