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Abstract

:

In Spain and other Mediterranean countries, significant quantities of semi-solid olive mill waste are generated, which should be preferentially applied to agricultural soils to close nutrient cycles. However, two-phase olive mill waste (termed alperujo in Spanish) is known to pose risks to soil quality and plant production when applied to soil in large quantities. Alperujo has high contents of polyphenol substances, which can inhibit microbial growth and are also phytotoxic in nature. However, when applied in appropriate quantities and following specific methods, it is possible that the practice may not pose any risks, and this requires evaluation. As a waste management option, direct application of alperujo can supply plant nutrients and organic matter to degradation-prone Mediterranean soils. In order to validate this circular economy fertilization and soil protection strategy, an 18-month field experiment was undertaken, applying moderate quantities of alperujo on permanent crop groves throughout the Spanish region of Valencia. Eleven experimental parcels with permanent crops managed by farmers were identified to test two scenarios: a single application of 10 t/ha, and a second application of 10 t/ha after 10 months. Soil chemical parameters were assessed at 0, 6, 10, and 18 months. Soil organic carbon, total Kjeldahl nitrogen, pH, electrical conductivity, nitrates, and polyphenol contents were modified by alperujo application, but these effects were highly transient in nature, with generally no lasting effects after 4–6 months for either application scenario. Also, qualitative evaluations carried out by farmers revealed few effects, although some reductions in erosive processes and improvements in plant vigor were noted. As such, based on the measured parameters, it is concluded that the direct soil application of alperujo olive mill wastes at low application rates did not lead to any lasting detrimental effects on soil quality or compromise the productivity of permanent crops in this Mediterranean region.
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1. Introduction


Olive oil production is a crucial primary industry in Mediterranean countries, currently valued at over 14 billion dollars, and, as a sector, it is expected to experience continued growth over the coming decade. As an important part of the rural economy, olive and other extensive permanent crops are crucial to the mediation of rural abandonment and depopulation of Mediterranean rural areas [1,2]. In Spain, the world’s largest olive oil producer, the land area covered by olive orchards is over 2.6 M ha [3]. There are several challenges requiring an appropriate ecological transition in olive production, and among these are soil conservation and waste management. Soil conservation is a critical issue in semiarid regions located on the borders of desertification-prone agroecosystems, which are among those most affected by climate change according to the latest IPCC reports [4]. In addition to reducing desertification risk, incrementing soil C stocks in olive orchards can positively impact the GHG balance associated with the large extents of land cultivated to this crop [5,6]. Concerning mass flows associated with olive oil processing, 80% consist of liquid and/or semisolid waste [7]. Historically, the majority of these wastes have been used for the secondary extraction of oil (refined oil) and the for the production of thermal energy. However, due to a scarcity of refined oil producers, demand for olive mill wastes has slackened, and the cost of transport of olive mill wastes is now an important economic barrier for the sector. Waste management costs are not insignificant for olive oil producers in Spain (2–8 EUR/ton) whereas, in the past, the resale value of these wastes represented income (2–10 EUR/ton).



Alperujo is the Spanish term for two-phase olive mill waste (OMW) following pressing and centrifugation, which results in a semi-solid product containing pulp, olive pits, skin, and mesocarp of the olive fruit. Importantly, alperujo has water contents above 60%. Two-phase extraction systems are now the most common in Spanish olive oil mills. The production of a single waste product differentiates two-phase and three-phase systems, the latter of which are still used extensively in other olive-producing countries such as Greece and Tunisia, which generate large quantities of liquid wastes requiring treatment, specialized use, or responsible land application [8]. Olive mill wastewaters incorrectly disposed of in water bodies can cause anoxia due to their high organic loads [9]. Olive mill solid wastes have high contents of polyphenol substances with antimicrobial properties, potentially impacting rhizosphere microorganisms, and may also provoke phytotoxicity when applied to soils in excessive quantities [10,11]. Composting has typically been recommended as an appropriate biological treatment for OMW, which facilitates the degradation of these phenol substances. As such, ample research efforts have focused on composting and the land application of composted products, rather than direct application. While compost is a highly valuable product for agriculture, composting requires additional investment and labor, which is particularly prohibitive for small producers. Regni et al. [12] carried out a review on the application of olive mill wastes; this brought to attention that while composting is recommended for raw wet olive pomace (alperujo), its application without pretreatment can equally contribute to soil fertility, including increases in soil aggregate stability, soil chemical properties including total N, available P, and K [13,14,15,16].



Despite the apparent simplification of managing one waste (semi-solid) as opposed to two (solid and liquid), the treatment and particularly transport of alperujo are important barriers for olive oil producers. For this reason, efforts are underway to characterize the benefits and drawbacks of direct land application of alperujo—with no pretreatment such as composting—as an alternative management solution. On one hand, the direct application of alperujo requires validation and testing to avoid potential phytotoxic effects on the target crops, but potential improvements in soil health and fertility status should also be characterized. Where applicable (mainly Mediterranean countries), the goal should be to reconcile OMW management and agronomic needs, closing nutrient cycles in the process.



As an organic fertilization solution, alperujo should be applied with appropriate agronomic criteria to satisfy all or part of a crop’s nutritional needs. Based on typical alperujo nutrient contents, and considering the available agronomic recommendations for permanent crops such as olive, it was determined that 10 t (fresh weight) of alperujo would supply approximately 60 kg of N, 18 kg of P2O5, and 115 kg K2O—this was the criterion used for establishing the application rate in the present study.



Since regional administrations require data that validate the safe application of raw alperujo, an experiment was established to assess how moderate applications may impact major soil properties over time and identify any soil degradation risks. Importantly, the experiment was distributed across functioning farms in a large Mediterranean region, thereby accounting for the potential variability and heterogeneity of the wastes produced, common permanent crops, and pedoclimatic conditions. As such, the objectives of the work were to (1) investigate and evaluate the agronomic and environmental effects of the direct application of alperujo in permanent crops, and (2) generate the necessary evidence for a potential authorization for the direct use of alperujos in Valencian agriculture, with high relevance to other Mediterranean contexts.




2. Materials and Methods


A distributed field experiment was established in the provinces of Castellón, Valencia, and Alicante in the Spanish autonomous region of the Valencian Community (Table S1). Eleven parcels with permanent crop groves were identified on functioning farms. A preliminary parcel study was carried out in order to characterize existing limitations and risks to soil use that could be improved with the application of exogenous organic matter (olive mill waste). Some of the prerequisites that were established for the selection of plots were that they were in full production and that they had a minimum area of one hectare. However, some variability was also sought in terms of accessibility, slope, type of soil, crop, variety and planted area. The crops were mainly olive (8/11), but also included carab (1/11), apple (1/11) and almond (1/11). Common features among the chosen parcels were the low soil fertility status (organic matter, phosphorus, nitrogen), and risks of water and wind erosion.



The experimental design consisted of three treatments, including a control, single, and double application. Applications were programmed to coincide with crucial moments in the crop cycle. For both the single and double applications, alperujo was first applied in June (T = 0), corresponding with the beginning of the fruit development stage. For the double application treatment only, a second application was made in April of the following year (T = 10), corresponding to the olive flowering stage [17]. The alperujos applied at each of the farms were produced locally and were each thoroughly characterized (details following below). Olive mill pomace solid waste (alperujo) was applied at an application rate of 10 t/ha to all 11 parcels. As mentioned above, five of the parcels received a second application of 10 t/ha after 9–10 months. Control areas were established in each parcel, with attention to the terrain vegetative state of the crop trees and other effects potentially associated with the use of olive mill waste. Alperujo was applied between rows using either an agricultural trailer with a maximum opening of 1.5 m or a slurry tank, and later incorporated with a chisel plow to a depth of 30 cm. Due to its rheological properties, olive mill waste is pumpable, and its direct application can be carried out with traditional organic amendment systems similar to those used for manure. Additional details about the parcels, including exact locations and the size of each experimental area, are shown in Table S1.



A longitudinal sampling plan was used to evaluate the short-term effects (up to 18 months) of alperujo application on soil properties and other farm indicators. Again, this sampling plan was programmed to coincide with key crop phenological moments in June (T = 0), December winter budding stage and following harvest (T = 6), April leaf development stage (T = 10) and again following crop harvest (T = 18). Monitored oil parameters included: electrical conductivity (EC), pH, total organic carbon (Corg), total Kjeldahl nitrogen (NTK), nitrates, and polyphenols (methods presented below). Also, a qualitative evaluation was carried out with the participation of the farmers of each experimental parcel (detailed methods presented below).



2.1. Analysis of Two-Phase Olive Mill Pomace Wastes (Alperujo)


The olive mill wastes were sampled from each cooperative (those producing olive oil and generating alperujo waste) at the time of application at each parcel. The analyzed parameters were: apparent density, humidity according to the standard method CEN13039 [18], pH and electrical conductivity (EC) in an aqueous extract 1:10 (w/v), and organic matter (OM) by weight loss at 550 °C for 24 h, according to the standard method CEN13039. Total nitrogen (TN) and total organic carbon (TOC) were determined by dry combustion at 950 °C using an elemental analyzer (Truspec CN, Leco, St. Joseph, MI, USA). Phosphorus, sodium, potassium and metals were determined by ICP masses. Water-soluble polyphenols were determined by the modified Folin–Ciocalteu method in a 1:20 (w/v) water extract, according to Bustamante et al. [19].




2.2. Analysis of Soil Samples


Soil samples were taken at 0, 6, 10, and 18 months for parcels with one application, and at 10 and 18 months in the case of the parcels receiving a second application at 10 months. Soil samples were taken at 20 cm depth with a hoe and shovel. Composite samples were obtained in each parcel and subplot by sampling across the experimental area in a zig-zag fashion. Each subsample consisted of three shovelfuls perpendicular to the application band. The quartering system was applied for the homogenization and selection of the final sample, which was sent to the laboratory for analysis. Once in the laboratory, the soil samples were spread out on trays to air-dry and the largest aggregates were broken up. Once dry, they were sieved to 2 mm and packed in hermetic bags for handling and subsequent analysis. The parameters analyzed in the soil samples were: electrical conductivity (EC) and pH, according to M.A.P.A. [20], organic carbon according to Yeomans and Bremner [21], Kjeldahl total nitrogen (TKN) according to Bremner and Britenbeck [22], nitrates according to the method of Sempere et al. [23], and water-soluble polyphenols, determined by the modified Folin–Ciocalteu method in a 1:10 (w/v) water extract [19].




2.3. Qualitative Evaluations


Qualitative evaluations of visually observable soil and plant characteristics were carried out at all plots, including crop vegetative state, flowering, possible appearances of necrosis in leaves, greenness and productivity, the formation of superficial soil crusts, rills, and emergence of adventitious vegetation (weeds). The evaluation was carried out using a point scale ranging from −5 (maximum negative impact) to 5 (maximum positive impact), whereas one value was recorded for each parameter. This evaluation was carried out jointly between the farmers managing each plot and agricultural engineers from Miguel Hernández University, who recorded the results on a qualitative evaluation sheet.




2.4. Data Analysis


Statistical analysis and graphical representation were carried out with the R program for statistical computing [24]. First an ANOVA was used to test for differences between treatment groups for each soil parameter (e.g., Corg~Treatment), and then post-hoc Tukey tests were carried out to evaluate differences between treatment groups at each sampling moment (0, 6, 10, and 18 months). Statistical significance was established as p < 0.05.





3. Results and Discussion


3.1. Alperujo Physico-Chemical Properties


Since the study and organic waste management model tested in the study is the application of locally produced olive mill wastes on fields close to the production zone, 11 different alperujos were employed, each on a different plot. The summary of the physicochemical properties of these wastes is shown in Table 1. It is seen that, in terms of main chemical properties, including water contents, pH, EC, organic carbon (Corg), and nitrogen, the alperujos were generally similar, with low coefficients of variation. Total nitrogen content was the parameter that varied the most among these (CV = 34%, Table 1). Macroelement and trace element concentrations had larger greater variability, though this was usually in the case of elements which were in exceedingly low concentrations (e.g., Cd, Pb). As is commonly known about these two-phase olive mill wastes [8], potassium was present in particularly high concentrations as compared to other macroelements.



In general, the olive mill wastes had high humidity (>60%) and density (>1.0 kg/L). The pH values were acidic (Ph < 6), which is valuable for Mediterranean soils from an agronomic point of view. Mediterranean soils are mostly alkaline (pH > 8) due to the high content of limestone, sulphates and exchangeable bases (Ca, Mg, Na and K). The acidity associated with alcohol (−OH) and carboxyl (−COOH) groups of organic matter contributes to the solubility and bioavailability of essential elements for plant nutrition (e.g., typically deficient elements such as Fe and Mn). It also facilitates the formation of clay–humin complexes responsible for soil aggregation (erosion resistance), and allows for the reversible fixation of nutrients and fertilizers on the active soil surfaces, thereby reducing leaching. In addition, its ionic character allows for it to retain higher contents of available water in the soil for longer periods.



The EC of the olive mill wastes, between 2.5 and 4.7 dS/m, was moderate, compared to other wastes such as sewage sludge or slurry. As a plant-derived material, its organic matter content is very high (over 90%, and total organic carbon over 50%), so the efficiency of carbon additions is greater than other organic wastes such as sludge or slurry. The nitrogen contents of the alperujos were low to moderate, between 0.8 and 2.0%, which results in a high C/N ratio, which is tied with its (generally considered) poorly mineralizable nature as compared to sewage sludge or animal excrement slurry. Its phosphorus content were low (0.09–0.18%) and its potassium contents were moderate (1.0–1.8%). With these macronutrient contents, olive mill wastes of this type are most appropriate as a potassium fertilizer [25]. The polyphenol contents, between 3.3 and 5.5 mg/L, were high, as expected, compared to that of other residues such as sludge or manure. However, they did not exceed the limit established for olive mill waste compost by the Spanish Royal Decree 506/2013 on fertilizers, modified by order AAA/2564/2015 and by RD 535/2017. Polyphenols can inhibit soil biological activity [26], so the application rate and agronomic management in the edaphoclimatic environment is key, determining its biodegradation/mineralization. Regarding metals, contents were low, so no environmental risks were anticipated.




3.2. Effects of Alperujo Application on Soil Organic Carbon


Soil organic carbon (Corg) increased with both one and two applications of alperujo. For the single application, the effect was still detectable after up to 10 months, whereas average concentrations in the control and treatment were 1.2% and 1.6%, respectively; however, these differences were not detectable at 18 months. Although not statistically significant when using the Tukey test, the average Corg values for one and two applications at 18 months (1.5% and 1.7%, respectively) were higher than the control (1.3%; Figure 1). While the average Corg values in the control plots increased very slightly over the study period (likely due to root biomass development, etc.), the plots with alperujo application had a very strong temporal effect, whereas Corg decreased quite significantly following application, showing that, in fact, its mineralization was not impaired. Since a longitudinal sampling design was used, it was possible to detect the rapid mineralization of the organic matter over the 4–6-month periods between samplings.



It is important to keep in mind that, with the application of alperujos and its potential in-field degradation, the final organic matter mass balance is strongly influenced by the proportion of olive pits in the waste product versus hydrosoluble carbon, and this may add to variability when comparing different studies. Although alperujo seems to be highly biodegradable, the application of organic wastes of this type is nonetheless recommended for increasing soil organic matter, which simultaneously supplies nitrogen and other plant nutrients, (as shown with the TKN results). Actual increases in soil organic carbon will depend on the balance between the addition of organic matter and its decomposition.



Based on the available literature, effects on Corg have varied. Previous research has shown that the periodic incorporation of alperujo can change the dynamics of the organic matter of the soil, either stabilizing or increasing it. García-Ortiz-Civanots [27] observed an increase in the organic matter contents of soil after 5 years of applying raw alperujo and alperujo compost. In the case of raw alperujo, organic matter increased between the first and last year. Also, there were no significant differences between composted and raw products; even though the organic matter content in raw alperujo is very high, when incorporated into soil without previous biostabilization, the most labile fraction will mineralize. Furthermore, the soils amended with raw alperujo had the highest organic matter contents at the beginning of the trial, and resulted in soil organic matter contents at the end of the trial that were comparable to soils amended with alperujo composts. Specifically, after five years of testing, a 78% increase in organic matter was observed in the plots amended with raw alperujo, and an 82% increase in the plots amended with alperujo compost, as compared to the plots with mineral fertilizer.



In a trial in a sub-humid region of Slovenia with high application rates (80 t/ha), significant increases in soil Corg were found one year after application [28]. However, in a three-year trial in a non-irrigated olive grove in Italy, applying 75 t/ha spread directly under trees, no effects on soil Corg were found, which was attributed to a rapid mineralization (possibly owing to the additional urea fertilization) [16]. Nasini et al. [29], testing a more diverse group of olive pomaces, did not find any effects on Corg, either. On the other hand, a study carried out in Italy found that long-term application of raw olive pomace increased soil organic matter and soil exoenzyme activities, despite high phenolic and salt contents [30].



Increases in organic matter after the application of OMW, either temporary or lasting, are important in the semi-arid context of Mediterranean agricultural soils, which are poor in organic matter and are exposed to degradation risks associated with low rainfall, fire, and high evapotranspiration. Alperujo applications may help to restore the lost fertility of soils subjected to long regimes of plowing and other disturbances [30].




3.3. Soil total Kjeldahl Nitrogen


Total Kjeldahl nitrogen (TKN) in the study soils is shown in Figure 1. For control plots at the beginning of the experiment, average TKN in the plots was 0.12%, with a minimum of 0.02% and a maximum of 0.28%. These data show that nitrogen was generally deficient in the study soils. Nitrogen in the rooting zone under natural conditions can have a wide range, from 0.03% to 0.4% [31], associated with soil organic matter contents.



As seen in Figure 1, alperujo did contribute to soil nitrogen but in a very temporally dependent manner, whereas no differences were detectable at the experiment’s end (18 months). The mineralization of organic nitrogen may have been activated after the application of the alperujo, leading to lower levels of TKN at 6 months, since nitrogen may be taken up by plants (in its assimilable forms) or lost by lixiviation, volatilization, or denitrification. In our study, despite the low application rate of alperujo (10 t/ha), the quantity of TKN in the amended soils initially increased with respect to the controls, but by 18 months the soil TKN levels were indistinguishable from the controls. What can be deduced from our data is that there is a wide margin to increase the application rate of the alperujo based on the criterion of nitrogen demand.



Total Kjeldahl nitrogen includes the sum of ammoniacal nitrogen plus organic sources. More than 95% of the nitrogen stored in soils is generally in organic forms [32,33], associated with biological tissues from soil litter, roots, microflora, or soil fauna [34]. Organic nitrogen is bound in proteins, free amino acids, amino sugars, and other complex substances, with mineralization rates determining its availability to plants [35]. The exchangeable ammonium on soil colloids or in soil solution, together with the nitrite and nitrate forms, together constitute less than 2% of the total nitrogen in soils.



Most N contained in alperujo is not immediately available, requiring mineralization. It has been found that even in co-composted olive pomace materials, the N contained therein is in recalcitrant forms [36]. However, while most N contained in alperujos is in an organic form, it may also contain ammonium salts. When applied to soils, this (positively charged) ammonium may be adsorbed by the colloids, somewhat preventing leaching. Subsequently, the ammonium is oxidized to nitrate, whereupon it may be taken up by the plant, or leached when its quantity in the soil solution is greater than what the system demands. According to López-Piñeiro et al. [37], the best period for the application and soil incorporation of alperujo is autumn–winter, before vegetative growth resumes.



Brunetti et al. [14] observed a linear increase in total N in a study carried out on the application of fresh alperujo for two years. During the first year, the largest increase was for organic N, but in the second year it was also attributable to inorganic N. The concentration increased with increasing volume of application compared to the control. The unbalanced C/N ratio of the residue could also enhance the immobilization of nitrogen and affect the activity of the nitrogen cycle bacteria in the amended plots. Ordoñez et al. [38], who applied over 20 t/ha of alperujo to a wheat crop, recommend that a nitrogenous fertilizer be applied together with the alperujo to favor the mineralization of the residue and enrich the soil [15].




3.4. Soil Nitrate


As seen in Figure 1, there was a general decrease in soil nitrate levels across all treatments during the study; this is most likely related to previous management and the application of fertilizers. Alperujo application did seemingly increase soil nitrate levels in some plots at the first application, but not in all, which resulted in mean differences that were statistically equal (Figure 1).



Overall, there was no clear behavior in the average values of nitrates, whereas the application of alperujo initially seems to have been associated with increased soil nitrate contents in some plots, but not in others. Also, at 10 months (second application), soil nitrate levels were not affected. This may be explained by the previous fertilization regimes or residues in the soil, or the particular edaphic and biological conditions in the plots, since nitrification is a two-step process of the oxidation of ammonium, first to nitrite and then to nitrate. Either plant uptake or leaching due to rain are expected to be the main reasons for its decrease over time. López-Piñeiro et al. [15], who applied alperujo to a Mediterranean soil for eight years, first observed an increase in nitrates, and later a decrease, two years after the last application.



Nitrate ion (NO3−) is a bioavailable N compound, the most common nitrogen species in fertilizer formulas. Nitrate ion is highly soluble in water and is not retained by the negatively charged soil colloids (organic matter and clay), so it is highly mobile and easily transported by water [39]. Percolation waters can drag it downwards into the soil profile, making it inaccessible to plants. Nitrates can also be lost by denitrification and immobilization by microorganisms [40].




3.5. Soil pH


The average pH values for the treatments, sites, and sampling periods ranged from 7.7 to 8.7. pH values were lowest just after applying the olive mill wastes, and these differences were statistically significant between treatments. However, at the next sampling, the pH values of both treatments were indistinguishable from the controls (Figure 2). Therefore, it was seen that the effect of the wastes on pH values was quite transient, with effects lasting for no longer than 6 months. Similar effects were also observed by García-Ruiz et al. [41] and Nasini et al. [29], in an olive grove where 50 t/ha of fresh alperujo had been applied to soil for four consecutive years and a slight decrease in pH was observed. García-Ortiz-Civanots [27] also observed slight decreases in pH after applying fresh alperujo and alperujo compost for 5 years.



The pH value of soil influences the availability of plant essential elements and biological transformation processes (e.g., of nitrogenous species), as well as the mobility of different elements and their bioavailability [42]. Soil pH also influences the proliferation of microorganisms, the velocity of organic matter stabilization and mineralization, and the cation exchange capacity [43].



The changes in pH with the application of alperujo are due to its acidic nature (3.1–4.7 pH units). In the Mediterranean context of the study, high soil pH values are indicative of the abundance of alkaline and alkaline earth elements, which may limit the availability of some plant nutrients (P, Fe, Cu, Mn, Zn, etc.). The buffering effect of the alkaline and alkaline earth metals in the soil neutralizes the weak acids contributed by the alperujo. Also, although the alperujo is acidic, this acidity is associated with alcohol and carboxyl groups that act as buffers, which may be protonated and deprotonated depending on the receiving medium. Initially, the addition of alperujo decreased soil pH, which should improve the availability of plant nutrients, but the presence of calcium carbonate buffers the acid reaction of the phenolic and carboxylic groups (weak acids) resulting from the decomposition of organic matter contained in the alperujo.




3.6. Electrical Conductivity


Electrical conductivity (EC) values of the study soils ranged between 125 and 485 μS/cm. The only differences in EC between treatments were seen just after applying alperujo, whereas in the subsequent samplings, EC returned to values that were statistically equivalent to control treatments (Figure 2). As such, in our study, we did not observe that any increases in EC were maintained over time as a result of the application of alperujo. However, other authors, such as López-Piñeiro et al. [44], in a field study, observed an increase in EC after nine years of applying alperujo to a soil in a semi-arid environment.



The average values in the study soils, amended and not, are in the low to normal range, so problems related to the accumulation of soluble salts are not to be expected. It should be taken into account that the majority of EC associated with alperujo is due to its potassium contents, not sodium, so problems associated with the accumulation of sodium are not to be expected. Alperujos usually have a moderate salinity compared to other organic materials such as manure, sewage sludge or compost.



Salinity and erosion are causes of soil degradation in semi-arid regions [45]. Salinization is a global problem, reducing plant growth and agricultural productivity [46]. Salinity increases the osmotic potential that plants must overcome to have access to soil water and, in addition, it can exert adverse pressure on soil biota and the essential biological processes that maintain soil quality [47]. The ions present in soil solution also influence physical properties; the accumulation of cations such as Na+ causes the dispersion of clays, affecting soil permeability, water retention and crop productivity [48]. Some studies have found that repeated applications of alperujo may increase soil salinity to undesirable levels, whereas a previous study identified this risk for application rates exceeding 27 t/ha (the moderate application rate established in the cited study, whereas 54 t/ha induced soil EC of 1.89 dS/m) [15].




3.7. Influence of Alperujo Application on Soil Polyphenol Concentrations


The application of alperujo had a very clear but transient effect on soil polyphenol concentrations, which increased following application but, in subsequent samplings, returned to levels that were equivalent or nearly equivalent to the control (Figure 2). However, at 18 months, plots with one and two applications did have polyphenol contents which were statistically different from the controls, with averages of 49 and 52 mg/kg, respectively, whereas the control had 33 mg/kg. This small difference at the experiment end hardly seems significant, and it is not expected that these concentrations pose any risk to soil microbiota or provoke phytotoxic effects for crops. While composting has been extensively studied as a method for reducing the phenol contents of olive mill solid wastes, the use of raw olive pomace in olive groves (direct application) can, in fact, boost the yield and productive efficiency of olive groves beyond that of composted products [16].



Polyphenols are organic compounds with antioxidant and antimicrobial properties that can inhibit the biotic activity of soil. It is known that high concentrations of polymeric phenols can have a bacteriostatic effect and phytotoxic effects on crops, mainly due to the ability of phenolic compounds to combine with other organic components, altering the permeability of the cell membrane and intercellular transfer mechanisms [49].




3.8. Qualitative Evaluation of Alperujo Effects on Crop and Soil Properties


In the plots receiving two applications of olive mill waste (Castellón province), no effects on the target crops were observed. In terms of visually detectable impacts on soil properties, one farmer observed improved soil texture, the elimination of soil crusts, and greater porosity in the applied area, which improved water infiltration. In the rest of the plots, the farmers did not report any differences (comparing the treatments and control). In the plots receiving only one application (provinces of Alicante and Valencia), no visually detectable differences were noted, except for a greater greenness in one plot compared to the unamended one. At this same plot, the farmer also observed greater ease in tilling the soil as compared to the control. Also, in two other plots, a higher abundance of weeds was observed, especially Diplotaxis erucoides (white rocket). In the remainder of the plots, farmers reported no differences. Finally, all the participating farmers believed that the application rate of olive mill waste seemed low.




3.9. Research Perspectives and Application


The application of organic wastes in agriculture furthers the goals of the circular economy and circularity of nutrient cycles in agroindustry. Considering the soil application of high-OM wastes, it is worth noting that soil organic carbon (SOC) gains may now be claimed by farmers for carbon credits in some markets. Organic matter mineralization was shown to be highly dynamic in this study, and further research could be undertaken to better characterize the fate and persistence of this SOC, including its distribution between mineral-associated and particulate pools.



Also, fertilization plans combining alperujo and other fertilizing products require further development and definition. Raw alperujo or other olive mill wastes are not equilibrated in terms of their C/N ratio as compared to agricultural soils and, for this reason, it is sometimes recommended that its application should be accompanied by nitrogenous fertilization. However, it is not known to what degree soil organic matter may accumulate under conditions, since the microbial community may be primed by these additions of labile carbon and nitrogen—this is a research gap.



Another commonly cited challenge with alperujo application is the risk of generating persistent soil salinity, though this was not seen to be problematic with the application rate used in our study. It may be useful to develop risk models considering application rate, alperujo chemical characteristics, and climatic zone, among other factors. This might be undertaken for various fertilization scenarios and application regimes (single, double, etc.). Similar tools may be of interest for polyphenols; the persistence of these compounds is associated with application rate and soil microbiological activity, but other factors regulating their persistence are not well-characterized. Nonetheless, moderate application rates such as those employed in this study do not present a significant risk.





4. Conclusions


Few studies have addressed the direct application of OMW pomace using agronomic criteria and the longitudinal monitoring of soil chemical properties. With the application rate of 10 t/ha, temporary effects have been seen on pH, electrical conductivity, nitrate contents, NTK, and polyphenol contents. Changes were mainly detectable at the time of application, but not at subsequent sampling dates (approximately 4–6 months). Soil carbon concentrations generally increased among the study parcels; as such, this practice can improve the fertility of soils with low organic matter contents (a number of parcels included in the study had organic carbon contents below 1%). Finally, the participating scientists and farmers did not detect any negative effects on the soil or on the crop. Thus, direct application as a nutrient cycling strategy would seem to cause no impairments to soil quality and can be made compatible with existing or updated legislation regulating the practice.



The direct application of alperujos is an agro-environmentally viable management alternative for these flows of agro-industrial wastes which are seasonal and highly dispersed in the rural landscape. Since alperujo is generated in large volumes, it is necessary to establish appropriate management paths for small producers, permitting its local use and doing away with the significant costs of waste transport. We conclude that, together with pomace treatment and composting, the direct application of alperujos at a dose of 10 t/ha per year can be considered an adequate management option to promote the circular economy in the olive oil sector of the Community of Valencia and other regions in the Mediterranean Basin.
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Figure 1. Evolution of organic carbon, total Kjeldahl nitrogen, and nitrate concentrations in the soils monitored over the study period, with samplings at 0, 6, 10, and 18 months (x-axis). Treatments are color-coded such that control = green, one application = light blue, two applications = dark blue. Colored lines indicate the mean value for each treatment and sampling moment. Letters at top indicate result of the Tukey HSD test, whereas different letters indicate statistically significant (p < 0.05) differences between treatments. Consult Table S2 for details of the statistical test results. 
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Figure 2. Evolution of pH, electrical conductivity, and polyphenol concentrations in the soils monitored over the study period, with samplings at 0, 6, 10, and 18 months (x-axis). Treatments are color coded such that control = green, 1 application = light blue, 2 applications = dark blue. Colored lines indicate the mean value for each treatment and sampling moment. Letters at top indicate results of the Tukey HSD test, whereas different letters indicate statistically significant (p < 0.05) differences between treatments. Consult Table S2 for details of the statistical test results. 
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Table 1. Descriptive statistics of the physicochemical properties of the olive mill wastes (alperujos) employed in the study (n = 11). Contents are reported on a dry weight basis.
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