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Abstract

:

Sustainable agriculture has drawn attention to the maintenance and enhancement of soil health. However, research on soil quality has been carried out mainly in field crops and, to a lesser extent, in mature orchards, neglecting the relevance of assessing the soil quality status in the first years of tree plantations. Therefore, the aim of this study was to assess the soil quality index of young almond orchards located in marginal lands and managed under different practices. The survey was carried out in the Teruel Province (Northeast Spain), in three almond orchards: Alacón (2 years old, 0.75 ha, rainfed, conventionally managed), San Martín (1 year old, 0.4 ha, irrigated, organically managed), and Valdealgorfa (6 years old, 0.2 ha, rainfed, organically managed). The composite soil samples were taken from three spots within each orchard. To determine the soil quality index, four main soil functions were considered: filtering and buffering, nutrient supply, water relations, and crop limitation. The soil quality indices were 0.55, 0.75, and 0.54 for Alacón, San Martín, and Valdealgorfa orchards, respectively. These values suggested that the evaluated soils are adequate for almond production, although they require management actions to improve their quality (for instance, the application of organic amendments) and increase the sustainability of these agroecosystems. Furthermore, this work provides a framework for the assessment of the soil quality in tree orchards at a young stage.
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1. Introduction


The need for sustainable agriculture has brought deserved attention to soil and the efforts for maintaining and/or improving its health [1]. In fact, soils support 95% of agricultural production [2], so it is unquestionable that there is a need for achieving sustainable soil management practices at a global scale [3]. Moreover, healthy soils provide a wide range of ecosystem services, including clean water, habitats for biodiversity, nutrient cycling, etc. [4]. However, soil is a scarce resource that is endangered worldwide, especially in the Mediterranean Basin [5]. For instance, conventional tree cultivation frequently causes soil degradation by depleting soil organic matter (SOM), causing erosion, and, in irrigated orchards, causing soil and water pollution [6,7]. These problems increase because of the presence of a large bare soil surface in the alleys between trees, since farmers till soil frequently to avoid the growth of vegetation in these inter-cropping areas [8]. Cover cropping and reduced or no-tillage have been proposed as management practices to overcome the loss of soil, SOM, and nutrients in tree orchards [9]. However, these practices have not been widely adopted in Mediterranean areas because farmers believe that they might negatively affect tree water and phytosanitary statuses [10]. Moreover, local customs lead to the application of intensive tillage and removal of cover crops [11]. Nevertheless, a recent meta-analysis focusing on studies about perennial crops in the Mediterranean Basin highlighted the overall positive effects of intercropping, conservation tillage, and organic fertilization on soil properties when compared to traditional management [12]. This study concluded that the best alternative to increase the SOM and nitrogen content in the soil would be the establishment of annual cover crops in the alleys and applying minimum tillage [12]. Almond (Prunus dulcis (Mill.) D.A. Webb) orchards occupy a large area in the Mediterranean Basin; for instance, in Spain, these orchards cover 587,000 ha and their surface is increasing due to their attractive economic revenues [13], which help retain the population in depressed regions of Central and East Spain. In fact, Spain is the second largest almond producer worldwide, accounting for 10% of the world production in 2020 [14]. However, these orchards are usually established in marginal lands with low productivity potentials, as this tree can grow satisfactorily in low-fertility calcareous soils. Therefore, agricultural practices should always consider soil quality to increase their sustainability.



Soil quality is defined as “the capacity of a soil to function within ecosystem and land-use boundaries to sustain biological productivity, maintain environmental quality, and promote plant and animal health” [15,16]. This definition captures the complexity, site-specificity, and multifunctionality of soils [17], although it has been criticized [18]. From its definition, soil quality is not directly measurable and should be inferred from relevant indicators, which are a set of soil properties that affect its capacity to produce crops or environmental performance and are sensitive to land use change, management, or conservation operations [15,19]. To quantify soil quality, we must define the functions that a given soil should fulfill, identify the attributes related to each function and then, select a minimum data set of indicators to measure each function [19,20,21,22]. The most widespread methodology for assessing soil quality is that proposed by Karlen and Stott [20], who suggested an additive model in which, first, the main soil functions and their respective indicators are defined. Then, they are weighed and added to receive a single index. The results range from 0 to 1. When the soil quality index (SQI) is 1, the soil presents the highest quality for the evaluated function. In contrast, when the SQI is 0, it indicates a low soil quality or a degraded and/or depleted soil. This methodology has been proven useful in a wide range of situations [19,21,23].



However, research on soil quality has been carried out in field crops or in mature orchards, neglecting the relevance of determining soil health status in the first years of plantation in tree orchards. In this context, the current study aims at assessing the soil quality of three young almond orchards differently managed in the Teruel Province (Northeast Spain), a depopulated region, as a first step to determine the viability and sustainability of these agroecosystems. To our knowledge, this is the first time that this topic is performed in the scientific literature and our work provides a framework for establishing a soil quality assessment adapted to tree orchards at a young stage.




2. Materials and Methods


2.1. Description of the Study Sites


This survey was performed in March 2022 in three young and differently managed almond orchards located in the Teruel Province (Aragón, Spain).



	
Conventionally managed and rain-fed: This 0.75 ha almond orchard is located in Alacón (41°1′53.8″ N, 0°42′43.7″ W). Almond trees (Belona, Mardía, and Vialfas cultivars grafted onto Garnem® rootstock) were planted in 2020 at 7 × 7 m spacings (204 trees ha−1). Soil at this site is a Calcisol [24,25], it is loamy textured (46.7% sand, 30.1% silt, and 23.2% clay), has a pH of 8.3, and the organic matter content is 1.4%. In the period 2004–2021, the annual mean temperature was 15.1 °C, the annual rainfall and reference evapotranspiration amounted to 375.4 and 1316.1 mm, respectively. Hereafter, this orchard will be designated as Alacón. This orchard represents a new use of a marginal land.



	
Organically managed and irrigated: This 0.4 ha almond orchard is located in San Martín del Río (41°4′5.2″ N, 1°23′4.0″ W). Almond trees (Belona, Lauranne, Mardía, and Vialfas cultivars grafted onto Garnem®, Pilowred®, and Rootpac® 20 rootstocks) were planted in 2021 at 7 × 7 m spacings (204 trees ha−1). Soil at this site is a Calcic Luvisol [24,25], is sandy loamy textured (63.6% sand, 22.5% silt, and 13.9% clay), has a pH of 8.0, and the organic matter content is 2.1%. In the period 2006–2021, the annual mean temperature was 12.1 °C and the annual rainfall and reference evapotranspiration amounted to 364.7 and 964.5 mm, respectively. Hereafter, this orchard will be designated as San Martín. This orchard represents a new use of a riverbank.



	
Organically managed and rainfed: This 0.2 ha almond orchard is located in Valdealgorfa (41°2′14.1″ N, 0°0′49.7″ W). Almond trees (Mardía cultivar grafted onto Garnem® rootstock) were planted in 2015 at 8 × 8 m spacings (156 trees ha−1). Soil at this site is a Calcisol [24,25], is sandy clay loamy textured (55.5% sand, 18.2% silt, and 26.3% clay), has a pH of 8.6, and the organic matter content is 1.4%. In the period 2004–2021, the annual mean temperature was 15.2 °C and the annual rainfall and reference evapotranspiration amounted to 339.6 and 1255.9 mm, respectively. Hereafter, this orchard will be designated as Valdealgorfa. This orchard represents a traditional use of a marginal land, following the principles of organic agriculture.







2.2. Sampling Collection and Laboratory Determinations


A minimum data set (MDS) of indicators was defined to determine the soil quality index. It consisted of the following soil properties: bulk density (BD), total porosity (Tp), pH, electrical conductivity (EC), total nitrogen (TN), organic matter (OM), total organic carbon (TOC), available phosphorus (AP), cation exchange capacity (CEC), carbonates, active limestone, available boron (AB), and water retention capacity (WRC).



The composite soil samples were collected at three different depths (0–10 cm, 10–20 cm, and 20–40 cm) following a zig-zag design over the studied orchards. Each composite sample consisted of five sub-samples, one collected at a central point, while the remaining four were taken in either direction (north, south, east, and west), both in the tree rows and inter-rows. These sub-samples were bulked to obtain a composite sample per depth. Three composite samples per depth were collected in each orchard, which were considered sufficient to cover the orchard internal variability since the surveyed almond orchards were <0.8 ha in surface.



These disturbed soil samples (≈1 kg) were air dried and sieved through 2 mm mesh. In total, 27 samples (3 orchards × 3 depths × 3 replicates) were collected. They were used for determining soil texture, organic matter, and chemical properties.



The undisturbed soil samples were collected at 6–10 cm depth, amounting 9 samples (3 orchards × 3 replicates). These samples were taken with cores 64.5 mm diameter and 19.5 mm in height. They were used for assessing the total porosity and bulk density.



The soil properties considered in the current study were determined using routine methods [26]. Particle size analysis (coarse and fine fractions as well as the contents in sand, silt, and clay) was conducted after organic matter destruction with H2O2, elimination of Fe and Al oxihydroxides with HCl, and dispersion with hexametaphosphate and sodium carbonate. Particles > 50 mm were separated by wet sieving, while those < 50 mm were separated through the pipette method. The soil pH was determined in water (soil: solution 1:2.5). The organic matter was determined using the loss on ignition method and total organic carbon (TOC) was calculated from the organic matter using a conversion factor (1.72). The exchangeable Ca, Mg, Na, K, Al, and cation exchange capacity (CEC) were determined using absorption and emission spectroscopy [27]. The available phosphorus (AP) was determined using the Olsen method [28]. From these data, soil hydraulic properties (permanent wilting point, field capacity, and soil water retention capacity) were calculated employing pedotransfer functions that account for both the organic matter and the carbonate content in the soils [29].




2.3. Soil Quality Assessment


The soil quality was assessed following the approach suggested by Karlen and Stott [20] because of its flexibility, ease of use, and its potential for interacting with producers. In the current study, we integrated four soil functions into the following equation:


Soil Quality Index (SQI) = (wt1)FB + (wt2)NS + (wt3)WR + (wt4)CL



(1)




where FB is the rating for the soil capacity to filter and buffer toxic or hazardous materials, NS is the rating for the soil’s ability to supply nutrients to plants, WR is the rating for the soil capacity to store water, CL is the rating for the soil capacity to limit crop development, and wt1, wt2, wt3, and wt4 are the numerical weights corresponding to each soil function.



These numerical weights are assigned to each soil function according to their importance in fulfilling the overall goals of productivity and environmental protection under the conditions of this study. To quantify the numerical weights for each function, we considered agricultural aspects related to almond production [30]. Since the weights for all soil functions must sum 1 [20], we provided weight values of 0.1, 0.4, 0.3, and 0.2 to FB, NS, WR, and CL, respectively. We considered a lower value for the FB function because of the lower number of indicators used for assessing this function. In contrast, we assigned a higher weight to the NS function since the main goal of the orchard is productivity and because of the greater number of indicators used for determining this function. Since the almond orchards studied are in a Mediterranean region with a high irregularity in rainfall amounts and we do not expect great limitations caused by soil on the development of almond trees, we decided to allot a greater weight to the WR than to the CL function. An ideal soil would fulfill all the considered functions and obtain a SQI of 1. As a given soil fails to meet the ideal criteria, its SQI would fall, with zero being the lowest rating.



The soil quality indicators are associated with each soil function and the numerical weights assigned to these indicators must sum 1. These numerical weights are obtained through standardized scoring functions (SSFs) that normalize the indicator measurements to a value between 0 and 1 [19]. The scoring curves were generated following the principles of Systems Theory [31], as described in Fernandes et al. [21]. Thus, three types of SSFs typically used for soil quality assessment can be generated [32]: more-is-better (upper asymptotic curve), less-is-better (lower asymptote), and mid-point optima (Gaussian function) (Figure 1).



The more-is-better curves score soil properties that are associated with improved soil quality at higher levels. In this study, the following indicators were scored using more-is-better curves: OM, TOC, CEC, and WRC. In contrast, the less-is-better curves score soil properties that indicate poor quality at high levels. In the current study, the following indicators were scored using less-is-better curves: BD, EC, carbonates, active limestone, and AB content. The mid-point optima curves score those properties that have an increasingly positive influence on soil quality up to an optimal level beyond which their influence is detrimental. In this study, Tp, pH, TN, and AP content were scored using mid-point optima curves.



The shapes of the curves (Figure 1) are determined by critical values (Table 1), which were defined based on the literature. These critical values are soil property magnitudes where the scoring function equals one when the measured soil attribute is at an optimal level or equals zero when the soil attribute is at an unacceptable level. Baselines are soil property values where the scoring function equals 0.5 and equal the midpoints between threshold soil property values. In this study, scoring functions and thresholds for normalizing the measurements, assigning them values between 0 and 1, were taken from the literature (Table 1). The threshold and baseline values for the selected soil quality indicators were established as follows:



	
Bulk density (BD): The considered baseline was 1.6 g cm−3 because several studies on almond orchards reported BD around this value [33,34,35,36]. The lower limit was established at 1 g cm−3 because lower values may cause inadequate plant anchoring and a reduction in plant available water capacity [37].



	
Total porosity (Tp): Upper and lower thresholds considered were 25% and 50%, respectively. These values corresponded with the minimum and maximum BD observed in previous studies on almond orchards in Spain [33,35].



	
pH: Lower and upper baselines of 5.5 and 8.4, respectively, were adopted as they are considered as an optimal range for crop production [30].



	
Electrical conductivity (EC): We considered an upper threshold of 4 dS m−1, as this is the limit indicated by Arquero [30]. However, the baseline was set to 1.6 dS m−1 since this value limits almond production.



	
Total nitrogen (TN): The optimal range considered was from 0.11% to 0.2% [30].



	
Organic matter (OM): The considered baseline was 1.5%, as most almond orchards in Spain are grown on marginal lands with low organic matter contents [33,36].



	
Total organic carbon (TOC): As for OM, soils in almond orchards are not expected to have high contents in organic carbon, so we set the baseline at 0.88%.



	
Available phosphorus (AP): Arquero [30] reported optimal AP contents between 10 and 25 mg kg−1. Therefore, we used these values as lower and upper baselines, respectively.



	
Cation exchange capacity (CEC): We considered 18 meq 100 g−1 as a baseline [30].



	
Carbonate content: Values around 40% can compromise crop development, so we used this value as the upper threshold [30].



	
Active limestone: Values higher than 9% can compromise crop performance, so we considered this value as the upper threshold [30].



	
Available boron (AB): According to Arquero [30], soil boron contents higher than 0.6 mg kg−1 may pose problems to crop performance, so we used 0.5 mg kg−1 as a baseline.



	
Water retention capacity (WRC): 13% was set as baseline, as this value seems to be usual in almond orchards in Spain [33,34,35,36].






After scoring all soil quality indicators, the values of each soil function are determined by adding the magnitudes of the products between the weight of each soil function and the normalized soil parameter scores. The SQI is obtained by the sum of the soil function scores.




2.4. Statistical Analysis


The data were submitted to Shapiro–Wilk and Bartlett tests to assess their normality and homoscedasticity. When these assumptions were met, a one-way analysis of variance was performed to assess the differences among orchards for a given indicator. The means were separated using the Tukey HSD (Honest Significant Difference) test. When the data did not meet the normality and homoscedasticity assumptions, they were analyzed using the Kruskal–Wallis test and the means were separated using the Dunn test. The statistical analyses were conducted using R statistical software version 4.0.5 [38].





3. Results


3.1. Soil Quality Indicators: Comparison among Orchards


From the 13 indicators considered in this study, 12 differed significantly among the almond orchards (Table 2). The bulk density was lower in Valdealgorfa than in Alacón, while this indicator had an intermediate value in San Martín. The TOC content was higher in San Martín than in Valdealgorfa, while Alacón had an intermediate value. The soil pH was lower in San Martín and higher in Valdealgorfa. The available P content was higher in San Martín and lower in Valdealgorfa. The CEC was higher in Alacón and lower in San Martín. The highest total nitrogen and OM contents were observed in San Martín. The soil WRC was similar in the three orchards. The porosity was higher in Valdealgorfa than in Alacón. Although low in the three orchards, the EC was higher in San Martín and Alacón. The lowest contents in carbonates and active limestone were observed in San Martín. Finally, the AB was higher in the San Martín soil than in those from Alacón and Valdealgorfa (Table 2).




3.2. Soil Quality Score Cards


The SQI of the Alacón orchard was 0.55 (Table 3). In this orchard, several indicators received low scores (less than 0.2), including BD, TN, carbonates, and active limestone contents. However, the SQI of this orchard increased due to the values of indicators such as AP, Tp, and EC (Table 3).



The SQI of the San Martín orchard was 0.75 (Table 4). In this orchard, only one indicator received a score lower than 0.2: BD. In contrast, the SQI of this orchard increased due to the high scores of indicators such as TN, OM, Tp, EC, carbonates, and limestone content (Table 4).



The SQI of the Valdealgorfa orchard was 0.54 (Table 5), very similar to that of Alacón. In this orchard, several indicators received low scores (less than 0.2), including TN, carbonates, and active limestone contents. As in the case of the Alacón orchard, the SQI of Valdealgorfa increased due to the values of indicators such as AP, Tp, and EC (Table 5).



The contribution of the soil functions to the SQI ranged as follows: filtering and buffering (FB) from 4.4% to 11.1%, nutrient supply (NS) from 31.5% to 39.7%, water relations (WR) from 37.2% to 49.6%, and crop limitation (CL) from 6.6% to 22.1%, depending on the orchard location (Figure 2). The WR function contributed to more than 35% of the SQI in all orchards (Figure 2) despite it not receiving the highest weight value (0.3). This function was slightly lower in San Martín than in the remaining two orchards. In addition, the NS function contributed more than 30% to the SQI value, although varying among orchards, likely due to differences in soil nature and in management systems. The FB function was higher in Valdealgorfa than in the other two orchards, likely due to the organic management performed in this site. Finally, the CL function was higher in San Martín (22%) than in the other two orchards (<8%), suggesting that the soil in this orchard would not compromise crop development.



The normalized scores for the soil attributes considered in this study are shown in Figure 3, allowing for the visualization of the differences in each soil quality indicator for the three orchards. A couple of these properties, Tp and EC, received the maximum score value (1.0) for all the surveyed almond orchards. In contrast, BD, AP, pH, CEC, and OM showed highly variable ratings for the three almond orchards. The score of BD was 0.8 for the Valdealgorfa orchard, while it was less than 0.2 for the remaining two orchards. Besides, the soil at the San Martín orchard received scores higher than 0.75 for TOC, pH, TN, OM, WRC, Tp, EC, carbonates, and active limestone. In contrast, the soils from Alacón and Valdealgorfa received scores lower than 0.5 for several indicators, including TN, OM, carbonates, and active limestone (Figure 3).





4. Discussion


The current study confirmed the need for assessing soil quality in tree orchards to warrant their sustainability by performing informed decisions for their management. The soils of the surveyed almond orchards had SQIs between 0.54 and 0.75, depending on their location and nature. According to the SQI classification of Karlen and Stott [20], these soils possess an acceptable quality for crop production and, in the case of San Martín, the soil had a good quality. The SQI obtained in this study reflected the appropriate chemical fertility and the adequate physical structure of the soils in these almond orchards, although the SQI showed some characteristics, such as high contents in carbonates and limestone [30], that may limit almond tree performance.



It must be noticed that a standard classification of soils according to their SQI is not available, which causes comparisons with other studies to be difficult. The limitation of this methodology comes from the fact that the MDS of the soil quality indicators differ among studies, as well as the weights given to each soil function and indicators [21]. Nevertheless, the methodology employed in the current study proved useful for comparing management systems for a given soil [19,21,39,40]. In this context, the selection of the MDS for determining the soil quality is a crucial step that must be carefully conducted. In the current study, we selected soil properties from which we could set thresholds and baselines related to almond production by employing specific examples from the literature [30,33,35,41,42], so we are confident that the obtained results are reliable.



In fact, the current study showed that the selected soil properties were able to differentiate the soil quality status among orchards. From the 13 indicators used in this study, only three did not differ among orchards when normalized to their standardized score: EC, Tp, and WRC. This agrees with former studies showing that these properties tended to remain relatively stable in the soils of almond orchards along a toposequence [43] and in time despite contrasting soil management conditions [42,44]. In contrast, the remaining ten soil properties were able to detect considerable differences among almond orchards, most of them regarding aspects of soil fertility (OM, TOC, pH, CEC, TN, and AP), but also physical quality (BD) and potential restrictions to crop development (carbonates, active limestone, and AB contents). In the studied orchards, the indicators that decreased the soil quality were the low values of OM, TOC, TN, CEC, and AP, since they decreased the magnitude of the function related to nutrient supply. In addition, high values of carbonates, active limestone, and AB reduced the soil quality in the studied orchards because they can compromise crop development. In fact, a recent study showed that low soil boron contents enhanced almond yield in Portugal [45]. These results suggested that the evaluated soils could be adequate for almond production, but they require management actions to improve their quality to increase the sustainability of these agroecosystems, such as the application of organic amendments, as suggested by Villa et al. [46]. It must be noticed that the studied orchards are established in marginal lands with low productivity potentials, which can explain the low magnitudes of the soil fertility attributes. Another management action that could improve soil quality in the surveyed orchards could be the establishment of sown cover crops, as they have been proven effective for mitigating soil erosion, enhancing soil fertility, and carbon sequestration in irrigated almond plantations in South Spain [47].



In fact, orchard location and soil nature influenced the magnitudes of the indicators related with nutrient supply and crop limitation functions. The almond orchard located in the riverbank (San Martín) benefited from low carbonate and active limestone contents when compared to the other two orchards (Alacón and Valdealgorfa), which are planted on calcareous soils from marginal lands. Moreover, OM and nutrient availability were higher in San Martín than in Alacón and Valdealgorfa. This agrees with the observations from a recent study in Iran in which a survey of the soil from a mature almond orchard located on a hillslope was carried out [43]. This survey showed that the soil in the upper parts of the slope (summit and backslope, which can be assimilated to those from Alacón and Valdealgorfa) had lower TOC, TN, and AP contents than the soils in the lower parts of the slope (footslope and toeslope, which can be assimilated to that of San Martín).



In addition, it should be assumed that some of the indicators used to define the magnitudes integrated in the SQI of each studied orchard are a direct function of the taxonomic and functional diversity of the soils where these crops are located (soil macro and micro diversity). These emerging properties associated with the activity of the living fraction of the soil should also be integrated into the approach for determining soil quality, with the incorporation of data obtained from the application of high-performance sequencing techniques that allow characterizing the microbial diversity associated with each type of agroecosystem and its functional role in modeling some of the properties and magnitudes considered in this study (for instance those specifically associated with nutrient supply or filtering and buffering functions) [48].



Unfortunately, research on soil quality indices in tree orchards is scarce [12]. However, Castellini et al. [41] assessed the effects of tillage on the soil physical quality of an almond orchard in South Italy. They observed that, after 30 years of no tillage, the soil could be classified as of good quality. Nevertheless, the tilled soil in their almond orchard also showed signs of good physical quality in terms of bulk density and water retention capacity [41]. In contrast, another study carried out in Southeast Spain concluded that, despite improving soil physical quality, no-tillage can cause reductions in almond yield due to a strong decrease in the concentrations of available nitrogen in the soil [44]. In the current study, the three orchards were tilled, which might have affected the values of soil physical properties, such as high bulk densities. However, the studied soils had a near optimal water retention capacity, when compared to the standards reported by Castellini et al. [41]. Moreover, long term studies showed slight differences in water retention capacities on the first 40 cm deep of soils devoted to almond orchards [42]; therefore, the soils of the surveyed orchards could maintain their acceptable water retention capacities despite tillage operations.



The SQI calculated for the studied almond orchards were similar to those reported by Raiesi and Tavakoli [43] in Iran for the backslope of a toposequence, in the case of Alacón and Valdealgorfa, while the SQI of San Martín was similar to the almond orchards located in the footslope of the toposequence. However, these comparisons are not straightforward due to the different datasets of soil properties used in both studies, as well as the approach employed to compute the SQI. Moreover, the thresholds and baselines used for determining the scoring functions to normalize the values of most of the soil quality indicators used in this study were not specific for almond orchards, but general for crop production. This limitation could have affected the final SQI value, so research for defining specific values for these soil properties in the context of almond production is needed.



In this sense, the correct interpretation of the SQI obtained in the current study requires a full report that must include the score card, the scoring function parameters and information sources used for weighting the soil properties measured. For instance, a soil quality report for the Alacón soil would consist of Table 1 and Table 3. These two tables provide detailed information on the relationship of each soil indicator to the overall soil quality and, more importantly, how that relationship was defined. Finally, as suggested by other authors [19,21], although the SQI shown in this study corresponds to a given timeframe, it could easily be used to assess soil quality dynamics over several seasons. Then, agricultural consultants, extensionists, researchers, and growers can use such a timeline soil quality report to perform informed decisions, interpret field observations, and evaluate laboratory results, leading to the sustainable management of these agroecosystems. Information on soil quality is crucial for achieving the key challenge of designing orchard systems that can integrate sustainable practices, nutrient cycle knowledge, and the promotion of soil biodiversity [49].




5. Conclusions


In the current study, the methodology used for assessing soil quality was efficient in identifying the impact of location, management practices, and soil nature on the quality status of the soils in young almond orchards. However, there were some uncertainties regarding the standardization of soil indicator values due to the difficulty in finding specific baselines and thresholds for this specific agroecosystem. The soil functions that contributed more to the overall soil quality index were nutrient supply and water relations. In addition, the indicators used for quantifying the limitations to crop production generated large differences among sites. In the end, the overall soil quality indexes ranged from 0.54 to 0.75. These values suggested that the evaluated soils are adequate for almond production, although they require management actions to improve their quality (for instance, the application of organic amendments) and increase the sustainability of these agroecosystems. In the future, this framework for assessing soil quality in fruit orchards would be extended to include the biological component of the soil by incorporating data obtained from high-performance sequencing techniques, characterizing the microbial diversity associated with each type of agroecosystem and its functional role in modeling some of the indicators reported in the current study.
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Figure 1. Standard scoring functions used for normalizing soil indicator magnitudes. This example represents the more-is-better, less-is-better, and mid-point optima curves used for normalizing the values of water retention capacity (WRC), carbonates, and available phosphorus content, respectively, of the soils in the current study. 
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Figure 2. Percentage contribution of each soil function to the soil quality index assessment for each almond orchard. Abbreviations: FB = Filtering and buffering; NS = Nutrient supply; WR = Water relations; CL = Crop limitation. 
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Figure 3. Indicator contribution in the evaluation of the soil quality index according to each almond orchard. Abbreviations: BD = Bulk density; TOC = Total organic carbon; AP = Available phosphorus; CEC = Cation exchange capacity; TN = Total nitrogen; OM = Organic matter; WRC = Water retention capacity; Tp = Total porosity; EC = Electrical conductivity; AB = Available boron. 
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Table 1. Threshold limits and standardized scoring functions for the soil quality indicators considered in the current study.
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Indicator

	
Units

	
Scoring Function

	
L

	
B

	
U

	
B1

	
O

	
B2

	
Slope at

Baseline

	
Soil Function

	
Reference






	
BD

	
g cm−3

	
Less is better

	
1

	
1.6

	
2

	
-

	
-

	
-

	
−5.005

	
FB

	
[33,34,35,36,37]




	
TP

	
%

	
Optimum

	
18

	
-

	
60

	
25

	
43

	
50

	
0.1668

	
WR

	
[33,35]




	
pH

	

	
Optimum

	
3

	
-

	
11

	
5.5

	
7

	
8.4

	
1.001

	
NS

	
[30]




	
EC

	
dS m−1

	
Less is better

	
0

	
1.6

	
4

	
-

	
-

	
-

	
−1.001

	
WR

	
[30]




	
TN

	
%

	
Optimum

	
0

	
-

	
0.5

	
0.11

	
0.15

	
0.2

	
33.3667

	
NS

	
[30]




	
OM

	
More is better

	
0.5

	
1.5

	
3

	
-

	
-

	
-

	
1.001

	
NS

	
[33,36]




	
TOC

	
More is better

	
0.29

	
0.88

	
2.2

	
-

	
-

	
-

	
1.001

	
FB

	
[33,36]




	
AP

	
mg kg−1

	
Optimum

	
5

	
-

	
30

	
10

	
15

	
25

	
0.2503

	
NS

	
[30]




	
CEC

	
meq 100 g−1

	
More is better

	
13

	
18

	
25

	
-

	
-

	
-

	
1.001

	
NS

	
[30]




	
Carbonates

	
%

	
Less is better

	
5

	
15

	
40

	
-

	
-

	
-

	
−0.1001

	
CL

	
[30]




	
Limestone

	
Less is better

	
0

	
6

	
9

	
-

	
-

	
-

	
−0.05005

	
CL

	
[30]




	
AB

	
mg kg−1

	
Less is better

	
0

	
0.5

	
3

	
-

	
-

	
-

	
0.5005

	
CL

	
[30]




	
WRC

	
%

	
More is better

	
3

	
13

	
23

	
-

	
-

	
-

	
0.25025

	
WR

	
[33,34,35,36]








Abbreviations: BD = Bulk density; TP = Total porosity; EC = Electrical conductivity; TN = Total nitrogen; OM = Organic matter; TOC = Total organic carbon; AP = Available phosphorus; CEC = Cation exchange capacity; AB = Available boron; WRC = Water retention capacity; L = lower threshold at which or below the score is 0; B = baseline at which score is 0.5; U = upper threshold at which or above score is 1.0; B1 = lower baseline, at which score is 0.5 with bell-shaped relationship; O = optimum level, at which score is 1.0 with bell-shaped relationship; B2 = upper baseline at which score is 0.5 with bell-shaped relationship.
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Table 2. Means and standard errors of soil quality indicators (0–40 cm depth) for each of the three almond orchards studied.
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Soil Function

	
Indicator

	
Units

	
Alacón

	
San Martín

	
Valdealgorfa






	
Filtering and buffering

	
BD

	
g cm−3

	
1.86 ± 0.04 b

	
1.69 ± 0.09 ab

	
1.53 ± 0.09 a




	
TOC *

	
%

	
0.86 ± 0.03 ab

	
1.21 ± 0.10 b

	
0.79 ± 0.02 a




	
Nutrient supply

	
pH

	
-

	
8.33 ± 0.11 b

	
8.00 ± 0.04 a

	
8.60 ± 0.03 c




	
AP

	
mg kg−1

	
20.50 ± 2.52 ab

	
26.10 ± 2.62 b

	
17.05 ± 2.19 a




	
CEC

	
meq 100 g−1

	
19.99 ± 1.12 b

	
15.02 ± 0.85 a

	
17.52 ± 1.01 ab




	
TN

	
%

	
0.08 ± 0.00 ab

	
0.14 ± 0.01 b

	
0.07 ± 0.00 a




	
OM

	
%

	
1.48 ± 0.05 a

	
2.08 ± 0.16 b

	
1.37 ± 0.04 a




	
Water relations

	
WRC

	
%

	
14.42 ± 0.51 a

	
14.46 ± 0.31 a

	
14.07 ± 0.26 a




	
Tp

	
%

	
30.05 ± 1.41 a

	
36.21 ± 3.45 ab

	
42.17 ± 3.34 b




	
EC

	
dS m−1

	
0.65 ± 0.27 ab

	
0.42 ± 0.07 b

	
0.13 ± 0.00 a




	
Crop limitation

	
Carbonates

	
%

	
47.57 ± 2.06 b

	
8.65 ± 1.48 a

	
45.42 ± 1.69 b




	
Limestone

	
%

	
12.67 ± 0.23 b

	
0.26 ± 0.12 a

	
13.73 ± 0.21 c




	
AB

	
mg kg−1

	
0.31 ± 0.10 a

	
0.64 ± 0.05 b

	
0.14 ± 0.02 a








* Abbreviations: BD = bulk density; TOC = Total organic carbon; AP = Available phosphorus; CEC = Cation exchange capacity; TN = Total nitrogen; OM = Organic matter; WRC = Water retention capacity; Tp = Total porosity; EC = Electrical conductivity; AB = Available boron. Means followed by the same letters in the row are not different at p < 0.05 according to Tukey’s test (BD, AP; CEC; WRC; Tp; Carbonates and Limestone) or Dunn’s test (TOC; pH; TN; OM; EC and AB).
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Table 3. Soil quality score card for the Alacón almond orchard.
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Soil Function

	
Weight

	
QI 1

	
Score of QI

(A)

	
OMV

	
Standardized Score

(B)

	
A × B

	
Sum of Scores

	
Sum of Scores × Weight

	
SQI






	
FB

	
0.1

	
BD

	
0.5

	
1.85

	
0.01

	
0.005

	
0.245

	
0.025

	
0.554




	
TOC

	
0.5

	
0.86

	
0.48

	
0.240




	
NS

	
0.4

	
pH

	
0.2

	
8.33

	
0.57

	
0.114

	
0.549

	
0.220




	
AP

	
0.2

	
20.50

	
0.99

	
0.198




	
CEC

	
0.2

	
19.99

	
0.69

	
0.138




	
TN

	
0.2

	
0.08

	
0.02

	
0.004




	
OM

	
0.2

	
1.48

	
0.48

	
0.096




	
WR

	
0.3

	
WRC

	
0.4

	
14.42

	
0.81

	
0.324

	
0.909

	
0.273




	
Tp

	
0.3

	
30.05

	
0.97

	
0.291




	
EC

	
0.3

	
0.65

	
0.98

	
0.294




	
CL

	
0.2

	
Carbonates

	
0.4

	
47.57

	
0.00

	
0.000

	
0.183

	
0.037




	
Limestone

	
0.3

	
12.67

	
0.01

	
0.003




	
AB

	
0.3

	
0.31

	
0.60

	
0.180








1 Abbreviations: QI = Quality indicator; OMV = Observed mean value; SQI = Soil quality index; FB = Filtering and buffering; NS = Nutrient supply; WR = Water relations; CL = Crop limitation; BD = Bulk density; TOC = Total organic carbon; AP = Available phosphorus; CEC = Cation exchange capacity; TN = Total nitrogen; OM = Organic matter; WRC = Water retention capacity; Tp = Total porosity; EC = Electrical conductivity; AB = Available boron.
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Table 4. Soil quality score card for the San Martín almond orchard.
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Soil Function

	
Weight

	
QI 1

	
Score of QI

(A)

	
OMV

	
Standardized Score

(B)

	
A × B

	
Sum of Scores

	
Sum of Scores × Weight

	
SQI






	
FB

	
0.1

	
BD

	
0.5

	
1.69

	
0.14

	
0.070

	
0.465

	
0.047

	
0.746




	
TOC

	
0.5

	
1.21

	
0.79

	
0.395




	
NS

	
0.4

	
pH

	
0.2

	
8.00

	
0.83

	
0.166

	
0.644

	
0.258




	
AP

	
0.2

	
26.10

	
0.25

	
0.050




	
CEC

	
0.2

	
15.02

	
0.23

	
0.046




	
TN

	
0.2

	
0.14

	
0.99

	
0.200




	
OM

	
0.2

	
2.08

	
0.91

	
0.182




	
WR

	
0.3

	
WRC

	
0.4

	
14.46

	
0.81

	
0.324

	
0.924

	
0.277




	
Tp

	
0.3

	
36.21

	
1.00

	
0.300




	
EC

	
0.3

	
0.42

	
1.00

	
0.300




	
CL

	
0.2

	
Carbonates

	
0.4

	
8.65

	
0.99

	
0.396

	
0.825

	
0.165




	
Limestone

	
0.3

	
0.26

	
1.00

	
0.300




	
AB

	
0.3

	
0.64

	
0.43

	
0.129








1 Abbreviations: QI = Quality indicator; OMV = Observed mean value; SQI = Soil quality index; FB = Filtering and buffering; NS = Nutrient supply; WR = Water relations; CL = Crop limitation; BD = Bulk density; TOC = Total organic carbon; AP = Available phosphorus; CEC = Cation exchange capacity; TN = Total nitrogen; OM = Organic matter; WRC = Water retention capacity; Tp = Total porosity; EC = Electrical conductivity; AB = Available boron.
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Table 5. Soil quality score card for the Valdealgorfa almond orchard.
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Soil Function

	
Weight

	
QI 1

	
Score of QI

(A)

	
OMV

	
Standardized Score

(B)

	
A × B

	
Sum of Scores

	
Sum of Scores × Weight

	
SQI






	
FB

	
0.1

	
BD

	
0.5

	
1.53

	
0.79

	
0.395

	
0.600

	
0.060

	
0.542




	
TOC

	
0.5

	
0.79

	
0.41

	
0.205




	
NS

	
0.4

	
pH

	
0.2

	
8.60

	
0.31

	
0.062

	
0.427

	
0.171




	
AP

	
0.2

	
17.05

	
1.00

	
0.200




	
CEC

	
0.2

	
17.52

	
0.45

	
0.090




	
TN

	
0.2

	
0.07

	
0.01

	
0.001




	
OM

	
0.2

	
1.37

	
0.37

	
0.074




	
WR

	
0.3

	
WRC

	
0.4

	
14.07

	
0.75

	
0.300

	
0.897

	
0.269




	
Tp

	
0.3

	
42.16

	
0.99

	
0.297




	
EC

	
0.3

	
0.13

	
1.00

	
0.300




	
CL

	
0.2

	
Carbonates

	
0.4

	
45.42

	
0.00

	
0.000

	
0.210

	
0.042




	
Limestone

	
0.3

	
13.73

	
0.00

	
0.000




	
AB

	
0.3

	
0.14

	
0.70

	
0.210








1 Abbreviations: QI = Quality indicator; OMV = Observed mean value; SQI = Soil quality index; FB = Filtering and buffering; NS = Nutrient supply; WR = Water relations; CL = Crop limitation; BD = Bulk density; TOC = Total organic carbon; AP = Available phosphorus; CEC = Cation exchange capacity; TN = Total nitrogen; OM = Organic matter; WRC = Water retention capacity; Tp = Total porosity; EC = Electrical conductivity; AB = Available boron.
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