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Abstract

:

Agricultural systems must identify fertilization strategies in line with the principles of sustainable development and the circular economy to achieve environmentally friendly food production and to meet the fertilizer-reduction targets set by some territories, such as the European Union (EU). The objective of this work was to identify the multifunctionality and cost-effectiveness in the use of the biodisinfection technique in greenhouse horticultural crops. For this purpose, a cost comparison of the different cultivation strategies was conducted, based on a systematic review of the existing literature. The results of this work suggest that the biodisinfection of soil containing agricultural biomass serves as a fertilization strategy that allows a reduction in a large part of inorganic fertilizers in protected horticultural crops of intensive nature, in addition to mitigating the expression of soil pathogens. Reducing the use of fertilizers and phytosanitary products, management fees, and important means of production, such as water, allows a reduction of up 6.1% in production costs. The biodisinfection technique is a methodology that can promote circularity in farms while favoring the use of waste, such as agricultural biomass, which can damage the environment when not properly treated.
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1. Introduction


Agriculture has generated serious environmental impacts on ecosystems, mainly since the middle of the 20th century with the advent of the Green Revolution [1]. The primary negative impacts include erosion, loss of genetic diversity, loss of quality of water bodies (above and below ground), emission of greenhouse gases, and ozone layer degradation, among others [2,3,4,5,6,7].



Environmental damage has been caused by the intensification of production processes, which have expanded dependence on inputs such as fertilizers, phytosanitary products, and energy. This has led to increased consumption of natural resources and polluted ecosystems. The objective of this intensification was to expand the carrying capacity of the planet to supply food and fiber to a steadily increasing population. We are currently in a similar situation where productivity needs to be increased again as the world population is expected to reach 9.7 billion in 2050 [1,8].



However, despite the similarity of the situations discussed above, the production principle has changed. Today, there is a desire to produce food in a way that increases field productivity while reducing dependence on agri-food inputs and respecting ecosystem and socioeconomic balances [9]. This approach derives from the international agreements reached by the United Nations (UN) member states through the 2030 Agenda signed in 2015. This document brings together the main economic, social, and environmental issues on a global scale through the 17 Sustainable Development Goals (SDGs) and their 169 targets. The sustainability of agricultural production is reflected in several SDGs, but mainly in the second and twelfth [10].



Faced with this situation, several countries have reformulated their structural policies. The EU has positioned itself as a vanguard territory and has published several ambitious strategies and action plans [11]. These include the European Green Pact, which seeks environmental neutrality by 2050 while aiming to make its net carbon emissions disappear [12], and the implementation of an economic system based on the circular economy that seeks to reduce the consumption of inputs, reuse by-products generated in production processes, and recycle the waste that is generated [13,14]. Spain is one of the most advanced territories regarding the implementation of the circular economy [15].



Despite this radical change, the EU has divided it into phases. The first phase ends in 2030. In this period, agriculture is and will be affected by the Farm-to-Table and Biodiversity Strategies, with a 20% reduction in fertilizer usage and a 50% reduction in pesticides projected, as well as an expansion of organic farming to 25% of agricultural fields, and the maintenance of biodiversity [16,17]. These objectives imply that farmers must get rid of inputs that have been in place for more than six decades. Farmers must, therefore, be offered tools to cope with the proposed paradigm shift, particularly regarding the reduction in soil fumigants and fertilizers, in order not to reduce the profitability and productivity of agricultural systems and not to compromise the sovereignty and food security of the European territory [18,19]. The European Parliament has recently approved the Nature Restoration Law, which aims to restore 20% of degraded ecosystems by 2030 and practically 100% by 2050. This law will establish binding, mandatory, and common objectives among EU Member States, which may affect the use of agrochemicals. The main professional agricultural organizations at the European level (Copa-Cogeca and Europêche) have indicated that it is necessary to identify effective and feasible alternatives to avoid decreased productivity of agricultural fields before establishing such drastic measures. One of the measures proposed in the new law is the obligation to leave 10% of agricultural land as biodiversity reservoirs. For this reason, it is of great interest to identify and communicate the benefits of production techniques that help achieve this objective without reducing crop yields [20,21,22].



Greenhouse production models are one of the agricultural systems that may be affected by this change [18], although these systems are one of the alternatives that will safeguard food sovereignty and security in the Eurozone and other parts of the world. About 210,000 hectares of greenhouses have been identified in the EU, with a concentration of 76,000 hectares in Spain. In the Spanish territory, the main production area is the southeastern portion of the peninsula, where the province of Almeria concentrates 32,827 hectares [23,24,25]. Almeria’s protected production system specializes in the horticultural production of eight products (tomato, sweet pepper, watermelon, cucumber, eggplant, melon, zucchini, and bean) and accounts for 6.5% of the EU’s horticultural production. The Almeria horticultural system is the sixth-largest vegetable producer in Europe, generating more merchandise than 22 EU Member States [18,26,27,28]. The productive importance of the Almeria Model leads it to generate an estimated income of EUR 2200 million per year, making protected agriculture and its auxiliary industry Almeria’s socioeconomic engine [29,30].



In addition, the production techniques used in protected agriculture in Almeria make it an agri-food system with a smaller energy footprint than other greenhouse systems in the EU, which is possible thanks to the benevolent climate and the use of greenhouses without climate control [30,31]. Agriculture in Almeria is based in the framework of integrated production and agro-ecological techniques, such as biological control [32].



However, the Almeria Model has some negative externalities. For example, the management and subsequent treatment of agricultural biomass were some of the main problems that afflicted the protected Almeria model at the end of the 20th century because of the indiscriminate dumping of this material in natural areas. Nowadays, although the situation has improved significantly, some significant problems regarding the management of the residual agricultural biomass have been identified [33]. To begin with, there is high production volume (i.e., 1.8 million tons per year), which is seasonal given that about 80% of the organic material is generated in only three months (February, May, and June). This issue prevents adequate sizing of the management plants. In addition, farms are located far from the production centers, which generates increased costs for the transport of the material. Finally, vegetal debris is usually mixed with other products, mainly plastic waste (i.e., raffia and rings for grooving) [34], complicating its management even further. Thus, some of the alternatives studied to solve the problem do not offer an adequate solution to this issue (i.e., bioenergy or animal feed) [35,36]. The EU has defined agricultural biomass as wasted material [37], that being the main agricultural waste generated in protected agri-food systems and surpassing plastics [38].



Because of the need for sustainable production with low dependence on fertilizers to promote circularity, several previous studies have tried to develop a fertilization strategy adapted to horticultural crops in the southeast of the Iberian Peninsula through the use of agricultural biomass on the farm, which can be extrapolated to other agri-food systems. This fertilization plan consists of nourishing crops with nutrients obtained from the agricultural biomass generated in the same shed using the biodisinfection technique. The communication of the technical and economic benefits of these techniques has focused mainly on the long-cycle tomato crop, and they have not been identified in other horticultural crops [18,39].



In this context, the objective of this research was to identify the fertilization capacity of the biodisinfection technique in soils both affected and unaffected by telluric diseases to be used as an alternative in the southeastern portion of the Iberian Peninsula to the reduction in fertilizers proposed by the EU. This study also aimed to verify the effects of the biodisinfection technique on the decrease in production costs in the cultivation of tomato, sweet pepper, and watermelons.



To this end, this article is subdivided into the following sections. First, the methodology is described. Next, the theoretical framework is indicated, characterizing the productive benefits of soil biodisinfection in horticultural crops. Then, a cost analysis of the use of the biodesinfection technique utilizing the agricultural biomass generated in the same greenhouse is presented. Finally, the conclusions are presented.




2. Materials and Methods


2.1. General Technical Characteristics of Greenhouse Agriculture in Almeria


This study identified the fertilization capacity of the biodesinfection technique in protected agriculture in Almeria. This production system is characterized by intensive agriculture under a greenhouse that combines the execution of crops per season in a long cycle (i.e., a 320-day-after-transplanting (DAT) crop) or in two short cycles (i.e., two crops of 160 DAT each) [18,40]. This protected cultivation system specializes in producing eight vegetable species: tomato, sweet pepper, watermelon, zucchini, cucumber, eggplant, melon, and beans. Several sustainable techniques, such as integrated pest and disease control, biological control, and grafting, are implemented in the production process [30]. In addition, solarization is used by 95.2% of farmers, either as the principal method or in combination with chemical fumigants [41].



Before describing the biodisinfection techniques and their effect on crop productivity, it is necessary to define the concept of “solarization” because of its close relationship with the aforementioned techniques [18]. This method is widely used for soil disinfection. For example, in greenhouse agriculture in Almeria, it is used [41,42].



The production follows international standards such as GLOBALGAP [29,32,43], although organic production represents almost 10% of the greenhouse area [44].



In addition, due to its benevolent climatic conditions, production is carried out in greenhouses that do not require climatic correction, as opposed to other European greenhouse systems, which require more energy [31]. Crops are grown in “raspa y amagado”-type modules. The predominant productive structures in the long cycles have heights of 6.0, 5.0, and 4.7 m at the ridge, under the canal, and in the trellis, respectively, while the short cycles have heights of 4.5, 3.5, and 3.0 at the ridge, under the canal, and in the trellis, respectively. These structures have lateral windows around the perimeter and zenithal windows on the ridge. The irrigation system consists of high-frequency irrigation equipment with emitters having a nominal flow rate of 3 L·h−1 and an irrigation controller consisting of five tanks where the inorganic or ecological fertilizers added through the fertigation equipment are deposited. Pest and disease control follows the Integrated Production regulations, except in farms that produce under the Organic Production regulations. The climate control in the sheds has a passive character thanks to the benevolent climate of Almeria, so it requires less energy than other European greenhouse production systems [30,32,40,45].




2.2. Systematic Literature Review


First, a systematic review of the scientific literature was performed. This procedure allows for synthesizing information on a specific topic [46,47]. This step aimed to describe biodisinfection techniques and their benefits on crop yield, both in disease and disease-free soils, and in crops with and without the addition of inorganic fertilizers. The literature review was performed using the “snowball” or ”chain of references method” [48].



In this process, we used scientific literature published in English and submitted to a peer-review process before publication. The database used was Scopus [49], The terms introduced were biodisinfection, biosolarization, biofumigation, solarization, or their synonyms. The bibliographic review focused on publications that analyzed their effect on horticultural crops. In addition, publications derived from field trials performed at the “Catedrático Eduardo Fernández” Experimental Farm of the UAL-ANECOOP Foundation were reviewed. These works addressed the evaluation of a fertilization strategy based exclusively on the use of agricultural biomass with the application of the biodisinfection technique [18,39,50,51]. The literature review was carried out from January to March 2023.




2.3. Cost Analysis


Furthermore, an economic impact analysis was performed to identify the influence and economic benefits of using agricultural biomass with biodisinfection in the horticultural system of Almeria, the most important agricultural production area in the southeast of the peninsula. For this purpose, an analysis of total and partial costs was used. The study parameters selected were partial and total fixed and variable costs, as recommended in previous research [18,52,53,54,55,56,57,58,59,60,61,62,63].



The crops chosen were tomato in a long cycle, serving as a reference value [18]; the alternative of tomato and watermelon crops, both in a short cycle; and the alternative of sweet pepper and watermelon crops, also in a short cycle (Table 1). These three crop alternatives were evaluated via two production methods, conventional production (C), described by Camacho-Ferre [40], and via the production method using soil biodisinfection with the use of agricultural biomass (A) (100% reduction in fertilizer, 100% reductions in the use of chemical soil fumigants, 37.2% decrease in water consumption, elimination of external management costs of agricultural biomass). These criteria were used because they were recommended in previous research [18]. Table S1 shows the specific production criteria for each plant species.



Cost Structure


We used the same cost structure as the Experimental Farm “Catedrático Eduardo Fernández” of the UAL-ANECOOP Foundation. The production costs for the cultivation of the plant species evaluated in this work were obtained from those reported by Camacho-Ferre and Toresano [64] for the economic valuation carried out for Agroseguros, S.A. This entity specializes in managing insurance on behalf of the insurance companies that are part of the coinsurance pool [65]. The procedure for determining production costs has been described in previous research. To calculate the costs, the means of production and demand for specific inputs for the production model are used [18], as indicated in Section 2.1. All production costs used in this research were obtained under the same production criteria. Therefore, they are comparable to each other. The values were updated to current prices through the ECOICOP Index [66]. The value of the total cost of cultivation was calculated by the sum of fixed and variable costs using the following mathematical expression:


TC = VC + FC,



(1)
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TC: total costs (EUR/ha·year);




	-

	
VC: variable costs (EUR/ha·year);




	-

	
FC: fixed costs (EUR/ha·year).







In addition, the rate of variation was calculated:


  R C =   F V − I V   I V   ,  



(2)
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RC: variation rate (%);




	-

	
IV: initial value (EUR/ha·year);




	-

	
FV: final value (EUR/ha·year).










3. Theoretical Framework


3.1. Biodesinfection Techniques


3.1.1. Soil Solarization


The solarization technique was originally used by Israeli farmers during the second-half of the 20th century and was described by Katan et al. [67]. The authors used a transparent plastic sheet with a thickness of 0.03 mm to reduce the expression of two pathogenic organisms that they had introduced into the soil before spraying in a greenhouse in Israel. The inoculum consisted of Fusarium oxysporum f. sp. lycopersici and Verticillum dahliae. After completing the soil disinfection and carrying out their respective analyses, they obtained a reduction in microbial populations in the first few centimeters of the soil and also a decrease in the severity index of the disease and increased plant growth. This research triggered a series of trials in different parts of the world to test the effect of this technique on crop productivity under different conditions [68]. The technique can be applied both in open-air and greenhouses. In the latter, it can be used directly on natural soil or organic and inorganic substrates [18,39,69,70,71].



Solarization is a physical soil-disinfection protocol that consists of hydrothermally fumigating the soil through solar energy captured in the surface layer of the soil (0–30 cm) and its humidity. For its execution, the soil to be treated must be conditioned before applying the fumigant treatment. To do so, the land has to be labeled beforehand as it is necessary to uninstall the irrigation system if it exists. After preparing the soil and reinstalling the irrigation system, it is necessary to check the correct emission of water due to the importance of wetting the soil profile for the process. Afterward, the soil is covered with a thin and transparent plastic sheet (about 100 gauges). Once the sheet has been sealed between its perimeter and it is confirmed that there are no air pockets that may reduce the thermal conductivity, irrigation is applied at field capacity. The process should be maintained for 4 to 6 weeks and it is recommended that it be carried out during the summer due to the higher radiation present during this period [18,39,50,67,68,72]. After irrigation, the temperature of the upper-soil profile rises and can exceed 60 °C in greenhouse conditions, provided that there is adequate humidity and heat transfer so that the nocturnal temperature drop is not high [73]. This technique limits the development and expression of pathogens that limit crop productivity. In addition, this control technique is non-hazardous, non-toxic, simple, and economical. Further, it can be combined with chemical fumigants or organic amendments. Ultimately, it enables a reduction in chemical disinfectants, facilitates the expansion of the circular economy within farms, and increases the sustainability of food production [18,30,67,71].




3.1.2. Soil Biodisinfection


This protocol can be subdivided into:




	
Biofumigation








Biofumigation is soil disinfection caused by volatile substances generated during the bio-decomposition of organic amendments that have been previously mixed and moistened in the upper-soil profile (0–30 cm). It was initially called biological fumigation and was described by Kirkegaard et al. [74] and renamed biofumigation by the same authors in later works [75]. The researchers observed an increase in the productivity of the evaluated crop after biofumigating the soil due to the mitigation of the disease that limited the crop productivity. Thus, the authors used green manure composed of Brassicas plants as an organic amendment and attributed the suppressive effect to the liberation of isothiocyanates produced during the hydrolysis of glucosinolates generated by the enzyme myrosinase. This process has a fumigant effect similar to metam-sodium, a broad-spectrum chemical disinfectant that generates methyl-isothiocyanate [7,76,77]. Another noteworthy feature is that isothiocyanates have variable effectiveness during fumigation since the maximum concentration is produced in the first hours of bio-decomposition [78], specifically in a period ranging from 5 to 8 days after application [79]. A rapid decrease in concentration is observed as a result of isothiocyanates not being able to retain the volatile substances in the soil. In addition, the effectiveness of the technique in arid climates can be reduced by the higher evapotranspiration of the soil, which limits the bio-decomposition of organic nutrients and leads to an increase in the water supply needed to maintain adequate humectation [80]. Soil texture can also harm its efficacy: clay soils are more effective in the hydrolysis of glucosinolates than sandy soils [7].



	
Biosolarization






The fact that the biofumigation technique is not suitable for all agricultural fields led to the combination of solarization and biofumigation techniques. The main problem of biofumigation was the retention of gases released during the bio-decomposition of organic amendments and the maintenance of adequate humidity conditions, which was solved with the plastic cover. This led to biosolarization, which allows for the retention of mobile nutrients in the soil, such as nitrates, due to the lower water supply, thus protecting the environment and improving the sustainability of agricultural systems [72,80].



The biosolarization technique can be defined as the hyperthermic fumigant action obtained from the solar energy captured by a plastic film, previously installed on the soil surface and sealed around its entire perimeter, and from the energy released by the metabolism of the microorganisms that participate in the bio-decomposition process of the organic amendments, in combination with the disinfectant action harvested by the volatile substances generated during this bio-decomposition and retained by the plastic film [18,19,72,81,82,83]. Table 2 shows a comparison of the soil temperature after solarization and biosolarization in a net greenhouse in the Canary Islands. The combination of organic amendments and solarization increases the soil temperature in each parameter evaluated and the number of hours where the soil temperature at 10 cm depth is higher than 40 °C. Another example has been recorded in the protected horticultural system of Almeria, where the biosolarization technique can cause a temperature increase of up to 5 °C compared to solarization [84]. The biosolarization technique has been described as a suitable methodology to reduce the expression of diseases of edaphic origin. A list of diseases controlled via the biosolarization technique is shown in Table 3.



The action time of the biosolarization technique is around four weeks in Mediterranean conditions, although it can be up to 12 weeks [18,19,39,72]. During this period, two differentiated phases occur based on the oxygen concentration in the atmosphere generated under plastic. First, an anaerobic phase takes place. During this phase the microorganisms consume the carbon in the organic compounds and the oxygen in the soil while triggering a significant rise in temperature and a large release of carbon dioxide and water. After this release, the expansion of aerobic microorganisms stops and the metabolism of those that develop under anaerobic conditions begins to increase. During the anaerobic phase, compounds such as organic acids (e.g., acetic acid and butyric acid), ammonium, or nitrous acid are generated [81,97,98,99]. The anaerobic phase of biosolarization has also been named Biological Soil Disinfection, Aerobic Soil Disinfection, and Reductive Soil Disinfection [90,100,101].



	
Useful organic amendments in the process






The organic amendment originally used in the biodisinfection process was agricultural biomass obtained from plants of the Brassicas genus, as indicated above. The variable presence of glucosinolates in plants of the Brassicaceae genus led to the evaluation of different plant species to identify the one that released the greatest amount of the compound. For this purpose, Brassica campestris, Brassica carinata, Brassica juncea, Brassica napus [78], Brassica nigra, Brassica oleracea, Raphanus sativus, and Sinapsis alba, among others, were studied [74,75,78,102,103,104]. The conclusion was that Brassica carinata releases the highest amount of the fumigant molecule, which has led to the formulation of commercial products composed of this plant species.



Different authors have evaluated the disinfection capacity of different organic amendments (manure, agro-industrial waste, plant residue, green manure, etc.) versus the efficacy of Brassica carinata pellets and chemical disinfectants. Research results show that manure, agro-industrial residue, plant remains, and green manure achieve similar effects to Brassica carinata pellets and chemical disinfectants [71,86,87]. Guerrero et al. [86] obtained this result in a sweet-pepper crop affected by Phytophthora capsici and phytopathogenic nematodes of the genus Meloidogyne. In this case, their biosolarized treatment with 2.5 kg·m−2 of fresh sheep manure showed total commercial productivity similar to biosolarization with Brassica carinata pellets and higher than the control group disinfected with methyl bromide for two consecutive crops. This was also shown by García-Ruiz et al. [70] in a carnation crop affected by Fusarium oxysporum f. sp. dianthi, where biosolarization with 5 kg·m−2 of compost consisting of carnation and chrysanthemum residues and 5 kg·m−2 of chicken manure resulted in a significantly lower mortality rate compared to the control treatment disinfected with methyl bromide during 672 days of cultivation. These results are due to the reduction in NO3−, Mn4+, Fe3+, and SO42− during the bio-decomposition of organic amendments, mainly in the anaerobic phase. This process generates various gases (ammonia, hydrogen sulfide, and nitrous oxide) and organic acids (butyric, maleic, lactic, acetic, citric, and propionic), thus resulting in the control of weeds, pathogens, and pests [105,106,107]. Table 4 identifies a list of organic amendments that have been used in biodesinfection with favorable results. Agricultural residues are suitable for use as an organic amendment, favoring the reuse of by-products within the framework of the circular economy and improving the management of agricultural residues, which has been a major problem in many agricultural systems [18,19,35,51,108].



The capacity to control pathogens limiting the productivity of different crops has resulted in biodisinfection techniques, mainly biosolarization (Table 3), to trigger strong increases in crop productivity and plant vigor compared to the non-disinfected plot. However, in some experiments, the increase in productivity has been greater than that achieved in the control disinfected with a chemical fumigant [116]. In this regard, Guerrero-Díaz et al. [94] obtained an increase in the commercial production of a sweet-pepper crop affected by the phyto-parasitic Meloidogyne incógnita after biosolarizing with 0.3 kg·m−2 of Brassica carinata pellets versus plots fumigated with methyl bromide. Guerrero et al. [86] achieved the same increase in productivity during two consecutive years in a sweet-pepper crop affected by Meloidogyne incognita and Phytophthora capsici via a biosolarization treatment with 0.3 kg·m−2 of Brassica carinata pellets and via another biosolarization treatment with 2.5 kg·m−2 of fresh sheep manure. Table 5 shows a list of crops where biodisinfection has increased productivity compared to the control treatment without disinfection and has equaled or surpassed the control treatment disinfected with a chemical fumigant.



The benefits of soil biodisinfection on crop productivity also extend to crops with good soil health and not affected by any soil pathology. These results were reported by Mauromicale et al. [127,128] and Marin-Guirao et al. [72]. In this sense, Mauromicale et al. [127,128] recorded an increase in the commercial production of various tomato crops grown in a greenhouse after biosolarizing their experimental plots compared to plots that were only solarized. Furthermore, Marín-Guirao et al. [72] observed an increase in the total and commercial production of a tomato crop grown under greenhouse conditions after applying biosolarization versus biofumigation. The production benefit disappeared in the watermelon crop grown in the same season after the autumn tomato-crop cycle. The authors did not repeat the soil biodisinfection in the following season and obtained the productivity increase in either the autumn tomato or the spring watermelon cycles. Therefore, this benefit could be due to a possible improvement in soil fertility, which benefits the crop grown immediately after the application of biosolarization [39].



The fertilizing power of soil biodisinfection could have been masked in such investigations by the fertigation applied during their production cycles [72,127,128]. In this regard, Castillo-Diaz et al. [18,129] showed the results of a trial in an experimental greenhouse located in the protected agriculture of southeastern Spain (Almería, Spain) where biodesinfection was applied during five consecutive agricultural seasons, the use of tomato agricultural biomass predominated, and soil solarization (combined or not with fertigation) was performed. During the first two years, cycles of up to 170 days after transplanting (DAT) were carried out, which was equivalent to a short production cycle. During the remaining three years, the production cycles were extended up to 217 DAT, which is equivalent to a long production cycle. Their results show that biosolarization without fertigation yielded similar productivity during the five years of cultivation in cycles of up to 170 DAT compared to conventional cultivation composed of solarization and fertigation. Regarding the cycles of up to 217 DAT, they obtained similar productivity in two of the three cycles. However, these authors point out that the production difference between the exclusive fertilization with biosolarization and the combination of solarization and fertigation, in favor of the latter, in one of the campaigns, was due to an uncontrollable epidemic of Botrytis cinerea that emerged from 160 DAT and caused the death of up to 80% of the plants in each experimental plot. Figure 1 summarizes the results of the experiments carried out by these authors [18,129].



Other authors observed similar results in a sweet-pepper crop under greenhouse in southeastern Spanish agriculture (Almeria, Spain) [100]. These authors used papaya residues, combined with coconut fiber, to which they applied the biodisinfection technique, without using any inorganic fertilizer. The results were compared with the final production obtained by the sector in the last six years (2016–2021) in short cycles of 199 DAT (Figure 2). In any case, no statistically significant differences were observed.



The results show the multifunctionality of the soil-biodisinfection technique, which, besides being a useful method to mitigate telluric diseases, affects the fertilization of horticultural crops and allows for a reduction of up to 100% of the synthetic fertilizers normally used in production cycles of up to 217 DAT in intensive-production models, such as protected agriculture of a horticultural nature in southeastern Spain. Moreover, due to the diversity of organic amendments that can be used in the process (Table 4), it facilitates the management of the agricultural biomass recurrently generated at the end of crop cycles. Thus, this technique is a high-value resource for farms because it reduces dependence on fertilizers by applying the principles of the circular economy. This is in line with the EU Farm-to-Table Strategy. In addition, the biodisinfection technique is necessary when reusing agricultural biomass. This organic material is affected by pests and diseases that normally affect plant species during the crop cycle, so these must be inactivated to ensure the plant’s health during the next crop, which is achieved with this procedure. Repeated application of the biodisinfection technique does not reduce the density or the biodiversity of agricultural soils. This is because the microorganisms can re-establish themselves at the end of each crop cycle at a similar level to that shown before applying the fumigant treatment, thus respecting the principles indicated in the EU Biodiversity Strategy [16,39].






4. Results and Discussion


Cost Analysis


Table 6 shows the production costs of long-cycle tomato crops, tomato-plus-watermelon short-cycle crops, and sweet-pepper-plus-watermelon crops in the conventional production system. The alternative of self-management of agricultural biomass by means of the biodisinfection technique under the criteria described in the methodology is also presented.



Results suggest that the highest production costs are registered in conventional crops and in the long-cycle tomato crop. Production costs reach up to 114,324 EUR/ha·year, although in the alternatives that combine short cycles, the total cost of cultivation reaches 81,031.0 EUR/ha·year (tomato + watermelon) and 104,224.0 EUR/ha·year (sweet pepper + watermelon) (Figure 3). In recent years, there has been an increase in the cost of inputs and means of production in the protected horticultural system of Almeria, which has accelerated recently due to inflation in the Eurozone. Farmers in this system can see how their economic margins are reduced yearly due to the continued stability of the price at origin of fruit and vegetable products [42,131].



The production system that performs self-management of agricultural biomass through the biodisinfection technique shows a decrease in total production costs ranging from 3.7% to 6.1% (Figure 4). Essentially, this decrease takes place in variable costs because fixed operating costs remain at similar levels in the two alternatives: conventional and with biodisinfection technique (Table 6). The reduction in production costs reported by other authors for the main cultivation alternatives in a similar system in the Almeria model is 4.8% in periods of 48 months. This value is very similar to those shown in our work [18]. The long-cycle crop has a lower production-cost-reduction rate than the other two alternatives evaluated, mainly due to the expansion in demand for tomatoes in the long cycle as a result of being the main economic expense (average value of +35.2%). Other research has shown how implementing eco-innovations can expand the economic benefit perceived by agricultural producers either through reduced production costs, expanded crop yields, or increased exports from their marketing channel [131,132,133].



Production costs are reduced because of lower demand for certain inputs, which are cataloged in international literature as environmentally harmful materials. In the first place, there are 100% reductions in the number of chemical soil fumigants because the biodisinfection technique has proved to be a useful procedure to control telluric diseases (Table 3). Also, there has been a decrease in the consumption of synthetic chemical fertilizers. Fertilizer consumption is reduced because added organic amendment provides readily available nutrients for plants. The repeated addition of tomato agricultural biomass can increase the concentration of edaphic organic matter and essential nutrients, such as total nitrogen or readily available potassium. Finally, water consumption is reduced due to the self-management of agricultural biomass as a result of improving soil fertility and hydraulic conductivity [18]. Therefore, this research contributes to showing the existence of real and effective alternatives to reduce agrochemical products, as proposed by the EU, without diminishing the agricultural and economic performance of horticultural producers [17,21].



In addition, if an extra supply of nutrients is needed, this fertilization strategy (agricultural biomass with the biodisinfection technique) could be combined with the application of other types of new-generation fertilizers, such as nano-fertilizers, which offer significant benefits compared to conventional fertilizers when it comes to plant nutrition [18,134].



In this context, the fertilization strategy framed in the principles of the circular economy facilitates both the reduction in inputs and the use of materials that can damage the environment if not properly treated. This material causes serious problems in autumn, and farms far from the productive nucleus continue experiencing difficulties managing it [35].



The results of this research suggest that implementing agricultural policies that promote a fertilization strategy consisting of self-management of agricultural biomass from the previous season and biodisinfection, while reducing synthetic fertilizers, can lower the production costs of greenhouse horticultural crops and sustain crop productivity. However, in the protected agriculture of Almeria, the most important producing area of protected agriculture in southeastern Spain, only 15.3% of the farmers self-manage their crop residues on their farms. Of these farmers, only a few do not use chemical fertilizers on their crops [34,44,135].



Consequently, it is necessary to establish a system of incentives to promote the implementation of this sustainable technique among the operators of horticultural agriculture in Almeria. This incentive system can focus on satisfying the formation needs of agricultural producers and offer economic support as an attractive measure, with each amount segmented for each concept (i.e., formation or economic support) as opposed to the current support that offers a single amount for the incorporation of the crop residues into the soil.





5. Conclusions


This work aimed to identify the availability of alternatives to reduce the dependence on inorganic fertilizers in greenhouse horticultural farms. Thus, the multi-functionality of the biodesinfection technique in its biosolarization modality was identified. This technique was attributed to benefits in the mitigation of diseases of edaphic origin and increasing productivity due to the decrease in the severity index of the disease. However, the utilization of inorganic fertilization in combination with the organic amendments used in the fumigant technique masked its fertilizing power. This fact was demonstrated via research using treatments that do not add this type of synthetic fertilizers compared to conventional cultivation in disease-free soils.



Additionally, given the diversity of organic amendments that can be used in the biodisinfection technique, it is possible to improve the management and treatment of agricultural residues that have generated serious sanitary crises in important horticultural production models (i.e., the Almeria Model). This is achieved thanks to using agricultural biomass, the main organic waste generated in this type of production system, as fumigant material in the biodisinfection technique. It is necessary to apply the fumigant treatment to the agricultural biomass to thermally inactivate the pathogens that may have affected the plant material during the production cycle to ensure the health of the following crop.



Therefore, the biodisinfection technique is a fertilization strategy that makes it possible to significantly reduce the use of inorganic fertilizers in long-term intensive horticultural cycles. This is a result of paramount importance for farmers of this type of production model that require alternatives to frame their production systems within the principles of sustainable development and, in the case of the EU, of the circular economy, where European strategies also call for significant reductions in fertilizers and phytosanitary products. There is a reduction in total costs of up to −6.1% in long-term production cycles in intensive greenhouse agriculture. This strategy also positively affects producer expense accounts because of the reduction in the disbursement of the previously mentioned inputs, the lower consumption of water, and the elimination of the cost of managing the material externally. All of this helps to maintain and promote the socioeconomic development of the territories where economic activity depends on this type of agriculture and also helps to sustain food sovereignty and security. The administration should promote this fertilization technique through an incentive system that includes formation and extra economic support to make its use more attractive.



Although the results of this research expand the knowledge in this field, they are not without limitations. The main limitation derives from using average production costs, since the results do not apply to a particular farmer but to the sector as a whole. However, our study provides a clear overview of the situation and can be the basis for policymakers to make the right decisions. These decisions should lead toward safeguarding the European Union’s food sovereignty without reducing the economic benefit of producers by expanding the environmental subcomponent of sustainability.



Future research should identify the adequacy of the fertilization strategy in outdoor horticultural crops and test the fertilization power of agricultural biomass of other horticultural crops, both under greenhouse and outdoor conditions (e.g., watermelon, melon, eggplant, etc.).
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Figure 1. Final production of various tomato crops where biosolarization and solarization were applied with or without fertigation. Note: all treatments were solarized. T0: Without fertilization; T1: Fertigation; T2: 2 kg·m−2 of chicken manure; T3: 2 kg·m−2 of chicken manure + 5 kg·m−2 of vegetable waste; T4: 5 kg·m−2 of tomato plant remains; T5: 3.5 kg·m− 2 of tomato plant remains; T6: 1.6 kg·m−2 of radish plant remains; T7: 2 kg·m−2 of mustard plant remains; T8: 0.3 kg·m−2 of Brassica carinata pellets, T9: 0.8 kg·m−2 of broccoli; T10: Fertigation + 0.3 kg·m−2 of Brassica carinata pellets; T11: fertigation + 0.5 kg·m−2 of Brassica carinata pellets; T12: fertigation + 1.0 kg·m−2 of Brassica carinata pellets; T12: 3.5 kg·m−2 of fresh-tomato plant remains; T13: 3.5 kg·m−2 of fresh-tomato plant remains + 0.5 kg/m−2 of Brassica carinata pellets; T14: 3.5 kg·m−2 of fresh-tomato plant remains + 1.0 kg/m−2 of Brassica carinata pellets; T15: fertigation + 3.5 kg·m−2 of fresh-tomato plant remains; T16: fertigation + 5.0 kg·m−2 of fresh-tomato plant remains; T17: 5.0 kg·m−2 of fresh-tomato plant remains; T18: 6.5 kg·m−2 of fresh-tomato plant remains. Different letters indicate significant differences (p ≤ 0.05; Tukey HDS Test). Source: own elaboration based on other authors [18,129]. 
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Figure 2. Final production of a sweet-pepper crop fertilized with papaya plant debris versus treatment without fertilization and average productivity of the protected-agriculture sweet pepper in the province of Almeria in production cycles of 199 DAT. T0: average productivity of protected-agriculture sweet pepper of Almeria modulated at 199 DAT from 2016 to 2021. T1: 5 kg·m−2 of papaya plant debris; T2: 5 kg·m−2 of papaya and 7 kg·m−2 of coconut fiber; T3: 10 kg·m−2 of papaya and 7 kg·m−2 of coconut fiber; T4: 15 kg·m−2 of papaya and 7 kg·m−2 of coconut fiber. Different letters indicate significant differences (p ≤ 0.05; Tukey HDS test). Note: The crop was grown in a multitunnel greenhouse and a 59-day biodisinfection procedure was applied between May and June. Source: Own elaboration based on other authors [28,51,130]. 
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Figure 3. Total cultivation costs of the different production cycles evaluated within the framework of conventional production in Almeria. Source: own elaboration based on other authors [18,64]. 
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Figure 4. Variation in the total cost of cultivation for the different production cycles evaluated in long and short cycles. Source: own elaboration based on other authors [18,64]. 






Figure 4. Variation in the total cost of cultivation for the different production cycles evaluated in long and short cycles. Source: own elaboration based on other authors [18,64].



[image: Horticulturae 09 00859 g004]







[image: Table] 





Table 1. Species and crops evaluated.
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Type

	
Crop






	
Long cycle

	
Tomato




	
Short cycle

	
Autumn–Winter

	
Spring–Summer




	
Tomato

	
Watermelon




	
Sweet pepper

	
Watermelon
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Table 2. Soil temperature reached via solarization and biosolarization vs. control treatment.
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Treatment

	
10 cm Depth

	
30 cm Depth




	
Tmax 1

	
Tmin 1

	
N. Hours > 40 °C 1

	
Tmax 1

	
Tmin 1






	
Control

	
33.0 ± 1.3

	
22.6 ± 0.8

	
0.0 ± 0.0

	
29.1 ± 1.4

	
25.5 ± 0.9




	
Solarization

	
42.6 ± 1.0

	
24.8 ± 2.1

	
107.0 ± 50.4

	
35.1 ± 1.2

	
24.9 ± 1.7




	
Biosolarization

	
43.6 ± 1.0

	
26.1 ± 0.4

	
136.8 ± 56.8

	
36.4 ± 0.4

	
26.3 ± 0.51








1: average ± standard deviation. Source: own elaboration based on Diaz-Hernandez et al. [83].
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Table 3. Soil diseases controlled via soil biosolarization.
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	Causal Agent
	Source





	Pythium ultimum
	[85]



	Phytophthora capsici
	[86,87]



	Fusarium oxysporum f. sp. radicis-lycopersici
	[88]



	Fusarium oxysporum f. sp. dianthi
	[70,71,89]



	Fusarium oxysporum f. sp. asparagi
	[90]



	Fusarium oxysporum f. sp. lactucae
	[91]



	Fusarium oxysporum f. sp. cubense
	[92]



	Fusarium oxysporum f. sp. radicis-cucumerinum
	[93]



	Pyrenochaeta lycopersici
	[83]



	Meloidogyne incognita
	[86,94]



	Meloidogyne spp.
	[19,87]



	Globodera rostochiensis
	[95]



	Verticillium dahliae
	[69]



	Rhizoctonia solani
	[69,87]



	Macrophomina phaseolina
	[96]







Source: own elaboration based on other authors. The source is indicated in the table itself.
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Table 4. Organic amendments and doses used in biodisinfection.
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	Organic Amendment
	Dose (kg·m−2) 1
	Source





	Fresh sheep/goat manure
	4.1 ± 0.2
	[4,19,69,83,86,87,94,96,109,110,111]



	Mixture of semi-composted horse manure and poultry manure
	3.4 ± 2.1
	[87]



	Chicken manure
	1.7 ± 0.9
	[4,72,73,87,89,109,112,113]



	Tomato plant debris
	4.3 ± 1.9
	[18,19,39,50]



	Sweet-pepper plant waste
	6.3 ± 3.3
	[114]



	Papaya vegetable waste
	15.0 ± 5.0
	[51]



	Beer bagasse
	2.0 ± 0.0
	[69]



	Broccoli plant remains
	2.0 ± 0.0
	[69]



	Brassica carinata pellets
	0.6 ± 0.6
	[18,39,50,86,89,94,96,113,115]



	White mustard (Sinapsis alba)
	5.9 ± 1.9
	[87]



	Sugar-beet vinasse
	1.5 ± 0.0
	[96,113]



	Olive residues
	2.0 ± 0.7
	[89,96]



	Carnation and chrysanthemum compost
	12.0 ± 0.0
	[71]



	Dehydrated broccoli (Brassica oleacea var. italica dehydrated)
	0.8 ± 0.0
	[72,73]



	Glycerin
	0.1 ± 0.0
	[113]



	Feather meal
	0.1 ± 0.0
	[114]







1 average; ± standard deviation. Source: own elaboration based on different authors. Note: the source is indicated in the table.
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Table 5. List of crops where biodisinfection has increased crop productivity in soils affected by soil-borne pathogens vs. undisinfected treatment.
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	Crop
	Source





	Pepper (Capsicum annuum) 2 *
	[86,94,116,117,118,119]



	Carnation (Dianthus caryophyllus) 2 *
	[70,71]



	Artichoke (Cynara scolymus) 2
	[69]



	Tomato (Solanum lycopersicon) 2 *
	[83,120]



	Strawberry (Fragaria x ananassa) 2
	[96,113,121,122]



	Lettuce (Lactuca sativa) 2
	[123]



	Cucumber (Cucumis sativus) 1,2 *
	[124]



	Asparagus (Asparagus officinalis) 2
	[125]



	Eggplant (Solanum melongena) 2
	[126]



	Okra (Abelmoschus esculentus) 2
	[126]







1 reached via biofumigation; 2 reached via biosolarization; * under greenhouse. Source: own elaboration based on other authors.
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Table 6. Production costs of different vegetable-crop alternatives with and without applying the biodisinfection technique.
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Alternative 1

	
Alternative 2




	
Concept (EUR/ha·Year)

	
Tomato Long Cycle

	
Sweet Pepper

	
Watermelon

	
Total

	
Sweet Pepper

	
Watermelon

	
Total

	
Tomato

	
Watermelon

	
Total

	
Tomato

	
Watermelon

	
Total




	

	
C

	
A

	
C

	
A

	
C

	
A






	
Technical assessment

	
355

	
355

	
177

	
177

	
355

	
177

	
177

	
355

	
177

	
177

	
355

	
177

	
177

	
355




	
Soil preparation

	
4489

	
3282

	
4475

	
4475

	
8950

	
3272

	
3272

	
6544

	
0

	
4475

	
4475

	
0

	
3272

	
3272




	
Removal of plant debris

	
1157

	
0

	
1156

	
1154

	
2309

	
0

	
0

	
0

	
0

	
1154

	
1154

	
0

	
0

	
0




	
Incorporation of plant remains

	
0

	
1367

	
0

	
0

	
0

	
1072

	
1072

	
2144

	
0

	
0

	
0

	
682

	
1072

	
1754




	
Solarization

	
994

	
1984

	
496

	
495

	
991

	
991

	
991

	
1981

	
496

	
495

	
991

	
991

	
991

	
1981




	
Water for solarization

	
132

	
163

	
66

	
66

	
132

	
82

	
82

	
163

	
66

	
66

	
132

	
82

	
82

	
163




	
Chemical disinfectant

	
234

	
0

	
117

	
117

	
233

	
0

	
0

	
0

	
117

	
117

	
233

	
0

	
0

	
0




	
Covering and structure

	
5457

	
5457

	
2725

	
2725

	
5449

	
2725

	
2725

	
5449

	
2725

	
2725

	
5449

	
2725

	
2725

	
5449




	
Seeds and seedling production

	
6592

	
6592

	
8044

	
2323

	
10,368

	
8044

	
2323

	
10,368

	
0

	
2323

	
2323

	
0

	
2323

	
2323




	
Labor, supplies, etc.

	
62,956

	
62,956

	
39,178

	
7270

	
46,447

	
39,178

	
7270

	
46,447

	
27,864

	
7270

	
35,133

	
27,864

	
7270

	
35,133




	
Water

	
2405

	
1511

	
920

	
897

	
1817

	
578

	
563

	
1141

	
1216

	
897

	
2114

	
764

	
563

	
1327




	
Fertilizers

	
4517

	
1391

	
2030

	
2579

	
4609

	
0

	
660

	
660

	
2230

	
2579

	
4810

	
1391

	
660

	
2051




	
Total variable cost

	
89,290

	
85,059

	
59,383

	
22,279

	
81,661

	
56,118

	
19,135

	
75,252

	
34,891

	
22,279

	
57,170

	
34,675

	
19,135

	
53,809




	
Soil maintenance

	
2424

	
2424

	
1182

	
1182

	
2364

	
1182

	
1182

	
2364

	
1218

	
1182

	
2400

	
1218

	
1182

	
2400




	
Covering and structure

	
4852

	
4852

	
2366

	
2366

	
4732

	
2366

	
2366

	
4732

	
2438

	
2366

	
4804

	
2438

	
2366

	
4804




	
Energy and fixed supplies

	
1915

	
1915

	
934

	
934

	
1869

	
934

	
934

	
1869

	
962

	
934

	
1897

	
962

	
934

	
1897




	
Insurance, management, and financial services

	
4219

	
4219

	
2058

	
2058

	
4115

	
2058

	
2058

	
4115

	
2120

	
2058

	
4177

	
2120

	
2058

	
4177




	
Equipment and irrigation system

	
11,625

	
11,625

	
4741

	
4741

	
9483

	
4741

	
4741

	
9483

	
5841

	
4741

	
10,583

	
5841

	
4741

	
10,583




	
Total fixed costs

	
25,034

	
25,034

	
11,281

	
11,281

	
22,563

	
11,281

	
11,281

	
22,563

	
12,579

	
11,281

	
23,861

	
12,579

	
11,281

	
23,861








C: conventional crop; A: alternative with biodisinfection. Source: own elaboration based on other authors [18,64].
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