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Abstract

:

Edaphic arthropod communities provide valuable information about the prevailing status of soil quality to improve the functionality and long-term sustainability of soil management. The study aimed at evaluating the effect of plant and grass cover on the functional biodiversity and soil characteristics in a mature olive orchard (Olea europaea L.) managed for ten years by two conservation soil managements: natural grass cover (NC) and conservation tillage (CT). The trees under CT grew and yielded more than those under NC during the period of increasing yields (years 4–7) but not when they reached full production. Soil management did not affect the tree root density. Collecting samples underneath the canopy (UC) and in the inter-row space (IR), the edaphic environment was characterized by soil structure, hydrological properties, the concentration and storage of soil organic carbon pools and the distribution of microarthropod communities. The soil organic carbon pools (total and humified) were negatively affected by minimum tillage in IR, but not UC, without a loss in fruit and oil yield. The assemblages of microarthropods benefited, firstly, from the grass cover, secondly, from the canopy effect, and thirdly, from a soil structure ensuring a high air capacity and water storage. Feeding functional groups—hemiedaphic macrosaprophages, polyphages and predators—resulted in selecting the ecotonal microenvironment between the surface and edaphic habitat.
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1. Introduction


Crop diversification and the optimal use of resources contribute to the long-term sustainability of agroecosystems and climate change mitigations [1]. In Mediterranean areas, growers often use intensive tillage and the removal of cover crops to avoid tree water [2,3]. However, in the absence of any ground cover and under intensive cultivation, water scarcity and soil erosion lead to the depletion of soil organic matter (SOM) [4,5]. In order to single out options ensuring sustainable soil use and biodiversity conservation [6], the adoption of site-specific and finely tuned soil management practices is required to account for the high variability of soils in the Mediterranean basin [7].



Among the strategies used to contrast soil degradation, grass cover of the orchard floor or the adoption of reduced tillage appear to exert positive effects on the soil physical properties and fertility [8,9]. On the other hand, olive growers are often challenged by potential yield reductions due to the competition for water and nutrients, especially in rainfed orchards. Previous works have reported no significant reduction in fruit yield induced by natural green covers [10,11], but more studies are needed to assess the possible long-term effects on the yield components and vegetative growth in high-density, irrigated olive orchards. It has been shown that different practices can modify root growth and distribution [12,13,14]. Root systems play multiple roles on belowground processes; for instance, root exudation affects the soil structure by stimulating microbial activity and contributing to soil aggregation [15] and aggregate stability, improved by the enmeshing effect of fine roots [16]. Most roots, nutrients and organic matter are usually concentrated in 0.05–0.20 m of the topsoil, whereas the subsoils show less oxygen and organic matter availability [17].



The evaluation of soil management effectiveness and sustainability requires the monitoring of suitable indicators of soil quality. Soil organic matter and its fractions, soil aggregate stability, soil porosity and soil biological activity and diversity are widely recognized as soil quality indicators, because they are related to soil ecosystem functions [18]. Environmental drivers (temperature, moisture, soil texture and structure, aggregate stability, porosity, salinity, pH and soil organic matter) and land management are closely related to assemblages of microarthropods communities [19]. They contribute to soil and plant health through their intersecting roles in decomposition and nutrient cycling and the direct and indirect suppression of plant pests [20]. Several approaches and multivariate methods have been recently developed to detect the changes in the microarthropod community structure and to exploit its actual bioindication power [21]. Soil biodiversity loss, i.e., the reduction of living forms (in terms of both quantity and variety) and their related roles, cause a deterioration of the soil functions or ecosystems [22,23,24,25]. The soil status can be assessed by the functional biodiversity; by this, microarthropods can be characterized based on diverse feeding strategies and different adaptation degrees allowing them to inhabit soil microhabitats [26]. Colonizers, comminutors and soil ecosystem engineers within soils contribute, together with their interactions with microorganisms, to soil functioning and processes [27]; predatory and omnivorous myriapods, arachnids and insects, are involved in regulating services towards pest species [28]. In terms of their abundance and soil-forming roles, the ecosystem engineers (ants, termites and beetles) are able to increase soil fertility by modulating the availability of resources to other edaphic species [29]. Functional biodiversity has only recently been considered for its potentially high ecological significance: a stressful agent may lead to the disappearance of some species and make new ecological niches and/or resources available for other organisms [17,28]. A permanent grass cover may preserve the organic matter content [30] and, at the same time, affect the soil structure dynamics and composition of microarthropod groups [31]. Generally, edaphic species, mainly the nonburrowers, tend to colonize air-filled pore spaces and to build different community structures [32]. Soil-dwelling microarthropods have high taxonomic and functional diversity. In soil ecosystems, the Acari are usually more abundant and diverse than any other arthropod group [33,34]. Oribatid mites are predominant in most undisturbed soil habitats [35] and have been used as indicators of soil quality [36]; their assemblages can be significantly affected by several kinds of disturbances, while their density may decrease in species sharing biological traits that are affected by disturbances [37]. Similarly, Collembola affect ecosystem functioning by regulating the soil microbial activity by directly feeding on microorganisms [38], as well as by changing the soil structure through litter comminution, casting and other mechanisms [39,40]. Moore et al. [40] reported that soil communities are less resistant to stress if their diversity is low. Studies exploring how soil disturbances alter microarthropod community structures have seldom investigated the ecosystem functions [41]. Thus, the structural and functional features of microarthropod biodiversity remain largely unexplored [42]. We comprehensively investigated the long-term effects of conservation tillage (CT) versus that of natural green cover (NC) on tree growth; root distribution; yield and chemical, physical and biological properties of soil in a high-density mature olive orchard. Since NC soil management is currently being adopted more and more frequently in the Mediterranean area, the objective was to test the compatibility of this practice with the high productivity of olive trees and improvements in the soil quality. Particular emphasis was paid to the composition of the microarthropod community and the role played by the different taxonomical groups.




2. Materials and Methods


2.1. Study Site and Experimental Design


The experiment was carried out in an olive (Olea europaea L. cv. Frantoio) orchard planted at a density of 513 trees ha−1 in April 2003 at the Venturina experimental farm of the University of Pisa, Italy (43°10′ N; 10°36′ E). The climate at the study site was subhumid Mediterranean [43]. The soil was a Typic Haploxeralf [44], with sandy loam texture. Conservative agronomic practices were used since planting to keep labor and chemical inputs to a minimum (see [9,43] for details).



The trees were fully irrigated since planting until the 2006 growing season, when a deficit irrigation was imposed using subsurface drip lines [43]. Trees received about half the volume needed to fully satisfy their requirements. However, in the 2011–2013 period, the irrigation regimes were different. In 2011, the trees received only complementary irrigation, whereas in 2012 and 2013, the trees were not irrigated between days 41–71 and 60–85 after full bloom (DAFB) and were fully irrigated for the rest of the irrigation period [45,46]. The soil was periodically tilled at a depth of 0.1 m until October 2004, when two management treatments were started: CT, shallow tillage by a power take-off-driven harrow with vertical blades (Breviglieri, Nogara, Italy); NC, permanent grass cover periodically mown using a mulcher. Afterward, the treatments were maintained by either tilling or mowing the green cover three or four times a year [9,16].



The experiment consisted of six plots (three plots per soil management) with three replicates. Each included 3 rows of 4 trees each, for a total of 12 trees per plot. To avoid the border effect, all measurements and samples were taken on the trees of the central row of each plot. Soil samples for chemical, physical and biological analyses were collected at different positions in May 2014: (i) underneath canopy area (UC, 0.5 m from the trunk) and (ii) inter-row space, located in the midpoint between two adjacent tree rows (IR, 2.5 m from the trunk) (Figure 1). To investigate the effects of sol management on tree root development, soon after the collection of samples for soil analyses, two L-shaped trenches (1 m deep and 0.8 m wide) were dug at 2.1 m away from tree row (Figure 1 and Figure 2). Soil cores for olive root density determination were taken along six trenches (three in the CT plots and three in the NC ones). In each trench, the samples were collected 0.2, 0.4, 0.6 and 0.8 m deep using a custom-built cylindrical auger (25 cm3) at 22 sampling positions (11 positions/side) and immediately frozen.




2.2. Fruit Yield, Trunk Growth and Root Distribution


Nine trees for each soil management system (three trees for each plot) were harvested by hand every year (between October 16 and November 6, except for 2006, when the trees were harvested on November 20).



Every year, at the end of the growing season, the trunk cross sectional area (TCSA) at a 0.4-m height was measured on each tree. The weight of the pruned material was measured immediately after pruning every spring [43]. Yield efficiency was calculated as the fruit yield divided by pruning weight to account for the differences in tree size and vegetative growth.



All soil samples collected for root density determination were thawed, immersed in a Na2CO3 solution (2 g L−1) to facilitate deflocculation, shaken for 2 h and then washed under running water on a 1-mm mesh sieve. Olive roots were carefully recovered by tweezers, divided into cohorts of different diameters (<1 mm; 1–2 mm; 2–5 mm) using graph paper and the dry weight of each fraction was determined by oven-drying at 60 °C until a constant weight. Root density was calculated as root dry weight per soil volume. Only the fine roots (<2 mm) were considered in this study.




2.3. Soil Physical and Chemical Properties


The soil bulk density (BD) of the 0.0–0.1-m depth layer was determined by the core method [47] of removing the contribution of gravel and roots, whose density was assumed to be 2.62 and 0.55 g cm−3, respectively. Dry and wet sieving [48] were employed for evaluating the aggregate size distribution and water stability, respectively; finally, the aggregate mean weight diameter (MWD) was calculated as described by reference [16].



For soil structure characterization, the micro-morphometric method [49], based on the image analysis of soil thin sections, was adopted; to this aim, the vertically oriented thin sections (55 × 85 mm) obtained from undisturbed soil samples collected at 0.05–0.10-m depth at each sampling point, were analyzed. Total macroporosity (pores larger than 50 μm) and pore distribution according to their different shapes [50] and sizes were measured [16]. Based on their functions, pores of 50–200 and 200–500 μm were described as transmission pores and those >500 μm as fissures [51].



To determine the water retention capacity, 24 additional undisturbed soil samples were collected from the 0–0.10-m layer. The water content at saturation (S, 0 kPa) was measured using the sand box apparatus [52], whereas retention measurements at the matric potentials of −10 and −1500 kPa, corresponding to the field capacity (FC) and wilting point (WP), respectively, were carried out by the pressure plate extractors [53]. The moisture content at each matric potential was then expressed as the percentage by weight of the oven dry soil (θg). Bulk density values were then used to convert the gravimetric water content data on a volumetric basis (θv) by applying the Gardner equation [54]. The air capacity (AC = S-FC) and the available water capacity (AWC = FC–WP) were also calculated.



The soil organic matter was investigated based on the soil total organic C content (TOC) and organic C fractionation. Soil TOC was determined by wet–hot oxidation with potassium dichromate and sulphuric acid, according to Yeomans and Bremner [55]. Organic C fractionation was performed chemically on the total-extractable C fraction (TEC) recovered by a 0.1-M NaOH + 0.1-M Na4P2O7 solution [56]. TEC was separated into humic acids (HA) and fulvic acids (FA) by H2SO4 acidification; then, fulvic acids were purified from non-humic substances with the polyvinylpyrrolidone column method. The FA and HA fractions were mixed to calculate the humified carbon (HC). The amount of C in each extract was assessed by hot oxidation [55]. The percent ratio of HC to TEC was used as a measure of the degree of organic C humification (DH).




2.4. Edaphic Arthropod Community and Functional Biodiversity


Two soil cubes (10 × 10 × 10 cm)/olive plant were collected at the different distances from the plant (UC and IR). The extraction of arthropods from soil samples was performed using the Berlese-Tullgren funnel for 7 days under light bulbs. The specimens collected were maintained in preservative liquid (ethanol 75°, glycerin 5% and acetic acid) until observed under a stereomicroscope.



For an appropriate interpretation of the soil conservation strategy, after arthropod extractions, the soil quality was evaluated by the multitaxon biological index. All specimens were classified, at least, up to Order level or/and life stage [57] and evaluated to assess the biodiversity (taxa richness and β-diversity). An integrative measure of the system response to management was calculated by the ratios Acari/Collembola [58] and Oribatida/Other Acari [59], which provide information about the equilibrium state of communities, as it tends to decrease under stress conditions. The Oribatid assemblages were also analyzed in six major phylogenetic groups (Palaeosomata, Enarthronota, Parhyposomata, Mixonomata, Brachypylina Desmonomata and Brachypylina Poronota) [60].



The soil biological functionality was evaluated by microarthropod distribution in the soil and according to their ecomorphological adaptation to soil life, as indicated by Parisi et al. [57]: soil-dwelling, euedaphic; litter-dwelling, hemiedaphic and surface-dwelling, epedaphic. Acari, the most abundant microarthropod group, was split into two superorders: Parasitiformes (Mesostigmata) and Acariformes (Trombidiformes Prostigmata and Sarcoptiformes-suborders Oribatida, Endeostigmata and Astigmata) [61]. Parasitiformes generally occur at the humus–soil interface, rarely penetrating more than 3 cm deep; Acariformes are usually found at more than 10 cm deep in most soil ecosystems [62,63]. The distribution pattern of these groups was analyzed within the soil parameters as pore volumes, available water capacity, bulk density, TOC and HC to evaluate the microenvironment selection. Furthermore, to characterize the complexity of trophic niches, the community structure has also been evaluated by abundances of their main six Functional Feeding Groups (FFGs): macro- and microsaprophages, mycophagous, polyphagous, predators/parasitoids and herbivores/fluid feeders [16].




2.5. Statistical Analysis


Each treatment was assigned to 36 trees, divided into three plots of 12 trees arranged in three rows (Figure 1). To avoid the border effects, all measurements and samples were taken on the trees of the central row of each plot. An ANOVA test was applied to the separate means of six: three replicates for the trench position (south trenches versus north trenches) and soil layer (0.2–0.4 m versus 0.6–0.8 m), respectively. Treatment means (fruit yield, TCSA and pruning weight) were separated by least significant differences (LSD test) after the analysis of variance (ANOVA) for nine replicate trees using the Costat software package (CoHort Software, Monterey, CA, USA). Each soil sampling point within the trenches was replicated three times for each soil management system.



Soil physical and chemical data were statistically analyzed by a two-way (Management and Position) ANOVA, using the StatSoft Statistica 10.0 software package (StatSoft, Tulsa, OK, USA). Post-hoc mean separation was performed by Duncan’s multiple range test.



For functional diversity on microarthropods, a multivariate approach (GLM analysis) was adopted to assess the effect of management on the soil microhabitat properties (pore volumes, AWC, BD, TOC and HC) and the abundance of the ecomorphotypes of the microarthropods. All the variables were normalized by adopting the log transformation (y = ln(x + 0.5)) [64]. Nonmetric multidimensional scaling (NMDS), based on the Euclidean dissimilarity index, was adopted to characterize the ordination of the arthropod groups and how they were affected by management. Permutational multivariate analysis of variance (PERMANOVA) was used to test for differences in assemblages among the different patterns visualized with NMDS. For each treatment, after a significant PERMANOVA test, an analysis of similarity percentages (SIMPER) was used to test what arthropod groups were driving the differences in assemblages within and between managements.



Regarding taxa richness, rarefaction curves were extrapolated to evaluate assemblage differences of edaphic arthropods by the management and position (95% confidence interval of expected taxa richness based on the bootstrapping method).



Correlation of oribatid assemblages, in the four combinations of soil management and position, was assessed by the principal component analysis (PCA).



The Canonical Correspondence Analysis was performed to explore the distribution of microarthropods in relation to the measured microhabitat environmental drivers. The effect of thirteen edaphic factors on the variation in the five ecomorphotypes was assessed. The analysis implementation was carried out by using PAST software [65] following the eigen analysis algorithm given in Legendre and Legendre [66]. The criteria followed in determining that the ecological groups of microarthropods were the same adopted in a multivariate analysis.





3. Results


3.1. Fruit Yield, Trunk Growth and Root Distribution


Olive trees started yielding fruits early during the training phase. The pruning during training was limited to the selection of future primary branches and did not require the removal of shoots. During the training phase (year 0–3), trees managed by soil harrowing grew vigorously and more than those that underwent the competition by grasses (Table 1). The trees under CT grew and yielded more than those under NC during the onset of production and the period of increasing yields (years 4–7). By this time, the trees reached full canopy expansion and full production, and there were no more differences in the yields and yield efficiency between the two soil management treatments. Over the entire 14-year period, tillage produced 35% more fruits than NC (Table 1).



The root distribution for each soil management system and trench side is shown in Figure 2. Soil management did not affect the tree root density, which was similar in NC (3.59 ± 1.07 kg m−3 of soil) and CT (3.48 ± 0.74 kg m−3) (values are the means ± standard deviation of three replicate trenches).



Higher values of root density were measured in the south trenches (4.01 ± 0.90 kg m−3) than in the north trenches (3.06 ± 0.78 kg m−3), regardless of the soil management. A higher, but not significant, root density was measured in the upper (0.2–0.4 m) layer (+31%) compared to in the lower (0.6–0.8 m) one. The closer proximity of the A3 and A4 sampling points to the tree row induced only slight increments (+15%) in the root density compared to the A1, A2, A5 and A6 positions.




3.2. Soil Physical and Chemical Properties


Soil management significantly affected the total macroporosity. In the CT plots, the soil porosity was much higher than in the NC; the difference was mainly due to a higher frequency of elongated pores and, in general, of larger macropores (Figure 3).



Regular pores were affected by soil management, with higher values for NC than CT (Figure 3). As for the pore size, the highest frequency of fissures was observed in the inter-row space of CT, while the highest percentage of transmission pores in the range 200–500 µm was detected underneath the canopy in CT (Figure 3).



The bulk density was not significantly affected by management and position (Table 2). Tillage significantly reduced the MWDdry compared to NC, whereas the MWDdry was not affected by the distance from the plant. Very high values of MWDwet, significantly different from CT, were measured at both NC positions. In particular, the MWDwet was lower in the inter-row space of the CT. The AC and AWC were significantly affected by management; NC increased the AWC compared to CT. The latter, instead, induced an increase of AC (Table 2).



The soil organic C pools showed different treatment-related patterns, without significant changes related to the distance from the tree under NC, but a significant decrease in TOC and HC values in the inter-row space (IR) compared to the canopy area (UC) under CT (−25% and −85%, respectively).



When comparing NC to CT plots, the former had higher TOC and HC contents, averaging +20% and +41% underneath the canopy and +40% and +107% in the inter-row spaces, respectively. The degree of humification (DH) did not differ significantly, not in relation to the treatment or in relation to the distance from the tree.




3.3. Characterization of Edaphic Arthropod Community and Soil Biodiversity


More than 13,500 arthropods were collected, and the most abundant groups were Acari (54%) and Collembola (36%), following by Hymenoptera Formicidae (2%), Diptera larvae (2%), Pauropoda (2%), Diplura (2%), Julida (1%) and Symphyla (1%), accounting for approximately 99% of the organisms collected. Coleoptera adults and larvae, Embioptera, Geophylomorpha, Lithobiomorpha, Polyxenida, Isopoda, parasitoid Hymenoptera, Heteroptera, Psocoptera, Lepidoptera larvae, Thysanoptera, Araneae, Pauropoda and Protura represented, overall, about 1%.



In NC-UC, each taxa group was more than 50%, excluding Acari, Collembola and Araneida (Figure 4).



Overall, in soil with a grass cover (NCs), hemi-edaphic groups such as Formicidae, Isopoda, Coleoptera and eu-edaphic formed, as Geophylomorpha, Diplura, Protura, Pauropoda and Symphyla showed high frequency (Figure 4).



In the litter stratus under the tree canopy (UC), Pseudoscorpionida and, to a lesser extent, Diplopoda, Embioptera and Heteroptera were present. The tilled soil favored insect larvae and Thysanoptera, but several arthropod groups were not recovered from CT-IR soils (Figure 4).



The nMDS ordination showed the clustering of eco-morphotype assemblages: for each treatment, the Acariformes and Collembola groups were distinct from all other arthropods (Figure A1). Among the groups, Acari and Collembola were ubiquitous, but their abundances varied greatly depending on the soil management and crops. For each treatment, they were correlated with community assemblages, as confirmed by PERMANOVA (p ≤ 0.001), so the SIMPER analyses were performed separately for each treatment. From the SIMPER analysis was observed an assemblage dissimilarity higher than 50% only in the comparison between CT-IR and CT-UC, where Acariformes (contribution 56.9%), Collembola and Parasitiformes accounted for a cumulative dissimilarity of more than 90%; these three groups accounted for a cumulative dissimilarity <80% in the NC-IR versus NC-UC comparison, while, for all other comparisons, this percentage ranged from 81% to 86%.



Soil management affected the changes in the community assemblages: maximum abundance (N) (Table A1 in Appendix A) and biodiversity (Figure 5) were measured at NC-UC positions where both canopy tree and grass cover were present. A less diverse system was identified in CT-IR; the rarefaction curve of the biological forms was dominated less by few species and shorter than others (Figure 5).



The Acari/Collembola ratio was high in the tilled plots (A/CCT-UC = 3.18; A/CCT-IR = 1.8) where tillage affected negatively the Collembola, mainly Entomobryomorpha, and eu-edaphic forms more than Acari. Oribatid mites were also susceptible to the absence of grass cover; however, under the canopy, the Oribatids/Other Acari ratio was about 1. Both ratios were very similar in NC.



According to their high biodiversity and trophic niche, 35 species of Oribatids (N = 435) were identified, excluding immature stages, in each different management: the highest species richness was in CT-UC (S = 22). Cosmopolitan species, such as Tectocephaeus velatus, Scheloribates laevigatus and Oppiella excavata, showed no relationship with other oribatids; they reached high densities in plowed soils where the soil structure was altered and the decomposition of organic was fast.



Figure 6 shows the correlation between oribatid species and combinations of the management system (NC and CT) and position (UC and IR); it is highlighted that the mite assemblage matches up to the other oribatid species (PC1, variance = 73%) and to the soil management (PC2, variance = 19%). Some species distribution depends on the natural vegetation cover (NC), especially those of macrosaprophagous, such as Oribatula sp., Eupelops sp. and Papillacarus aciculatus. On the other hand, tillage (CT) influences the microsaprophagous species typical of crop soils, such as Scheloribates laevigatus or Punctoribates punctum. Minunthozes sp. Tectocephaeus tectorum, Microppia minus and Oribatula laubieri were not correlated in the main principal components.




3.4. Functional Biodiversity of Edaphic Arthropods


The arthropods in the different functional groups can be further divided into ecological subgroups based on their adaptations to edaphic life. Among the arthropod groups, the main effect on the densities of Acari Acariformes was determined by the distance from the tree (F3,20 = 3.39; p < 0.05; CT-UC > NC-IR; NC-UC > CT-IR) (Figure 7).



The other eu-edaphic arthropods resulted in being more susceptible to soil management tillage and to the absence of plant cover (F3,20 = 3.13; p < 0.05; CT-IR < CT-UC; NC-IR; NC-UC). Conservation tillage did not alter the distribution of Acari Parasitiformes and hemi-edaphic groups (p > 0.05). The microhabitat in CT-IR was characterized by the lowest values of TOC (F3,20 = 7.12; p < 0.01), MWDwet (F3,20 = 198; p < 0.001), AWC (F3,20 = 13.7; p < 0.001) and regular pores (F3,20 = 9.46; p < 0.001).



The Canonical Correspondence Analysis results are displayed by an ordination diagram, where the edaphic environmental factors are identified by arrows and microarthropod groups by points (Figure 8). The ordinations axes are presented in s sequence of variance explained by linear combinations of the environmental variables. The total CCA analysis demonstrated that all the investigated factors accounted for 62.1% of the variation (adjusted explained variation 12.8%) in the species dataset (λ-trace = 2.63, F-ratio = 1.42, p-value = 0.01).



The CT management favored epigeic and, to a lesser extent, hemiedaphic forms related to the larger (>500 μm) and the elongated pores. Although the management did not affect the BD, the latter was strongly related to Parasitiformes, especially in NC-IR.



The microhabitat selected by Acariformes was characterized by the occurrence of regular and 50–200-µm pores within the TOC and HC contents; the distribution of other eu-edaphic forms was affected by MWDwet that abruptly decreased in CT-IR.



To provide an overview of the soil functional biodiversity, the relative frequencies of the feeding habits of microarthropods showed different compositions between the managements; macrosaprophages, mainly represented by Oribatids, epigeic forms of Collembola Enthomobryomorpha and Sminthuridae, Diplopoda Julidae and Coleoptera larvae, were abundant in NC-UC (Figure 9).



The assemblages of the feeding functional groups, by management and position, are shown in Figure 9.



The absence of vegetation cover and low soil moisture led to the dominance of some arthropod groups usually able to quickly thrive in stressed environments and to a high percentage of herbivores/fluid feeders (6%); polyphagous groups were not registered. Focusing on the feeding habits of Acari, mycophagous and microsaprophages were abundant in the inter-rows (CT-IR and NC-IR), while predators contributed to arthropod assemblage in the context of UC.





4. Discussion


Olive trees grown on NC plots showed a lower cumulative fruit yield than CT trees. This was particularly evident during the onset of fruit production before full canopy expansion. This result could be attributed to the early (a year and a half after planting) establishment of grass permanent cover [9]. Once olive canopies were fully developed, there were no difference in yield between NC and CT, in agreement with results from a 15-year experiment carried out in Spain where tillage was compared against no tillage [10]. Root density was unaffected by soil management and root spatial distribution was quite uniform across the soil profile. The proximity to the drippers of the South-profiles induced a higher (+31%), but not significant, root density compared to the North ones. Tognetti et al. [14] reported that fine roots were positively influenced by the proximity of drippers, whereas coarse roots were less affected. The lack of significant differences in root density between soil management systems, as well as between sampling points, was probably due to the close planting distance and the good soil depth and fertility conditions, which promoted an almost complete soil volume exploration both laterally and in depth.



Overall, permanent grass cover was more effective than tillage-based management in maintaining or improving soil properties and related functions, which is generally expected from management strategies involving higher organic C inputs and less soil disturbance. Grass cover increased both TOC (UC and IR locations) and HC (IR location), by supplying additional organic residues to the orchard inter-row, and possibly allowing better physical protection of soil organic matter from mineralization. As a result, the grass-covered plots also exhibited a higher organic C spatial uniformity, in contrast with the decreasing trend of soil organic C pools from the tree row to the inter-row space under tillage.



Different soil disturbance and organic C inputs determined functionally distinct physical environments. Soil structure conditions under NC improved the water holding capacity, whereas the macroporosity and AC increase of the CT treatment appear to ease the movement of water and gas, even if limited to the soil surface layer only [16]. However, this improvement is transient because the low aggregate stability, measured especially in CT-IR treatment, makes the soil susceptible to structure degradation and crust formation even after low-intensity rainfall events [10].



The potential nutritional antagonism between growth of grass and young olive plants can be easily overcome by postponing the establishment of the green cover to the end of the training phase. We also found that competition between trees and weeds had no qualitative or quantitative impact on olive production once the orchard had reached full development [10].



In the current study we assessed the effect of conservation tillage by combining classic bioindicators of soil complexity with a functional biodiversity approach. Tillage affected the presence, abundance and composition of microarthropod populations in agreement with studies in olive orchards [67,68], vineyards [69,70] and annual crops [71]. Biodiversity indices (richness and β-diversity) allowed to identify that well-structured communities spread across a gradient from olive and grass cover to bare soil inter-row, contributing to establish a balanced microenvironment. The coexistence of trees and grasses contributes to release great amount and variety of residues to the soil [72] and favors the reproduction of invertebrates, with availability of food and shelter [73]. Such a complexity was not found in CT-IR, characterized by a very simplified community with dominance of a single group (Acari), indicating soil disturbance and poor availability of trophic niches. Moreover, this was emphasized by the interpretation of relationships between organisms and key-groups ratios as Acari/Collembola and Oribatida/other Acari: their changes in abundance are useful to access to soil quality assessment. Particularly, oribatid communities resulted respondent to quantitative changes of environmental factors and grass cover by modeling the ratio with all other mites, as expressed by lower ratio registered in CTs. Similarly, Palla et al. [74] reported significant differences in arbuscular mycorrhizal fungi composition of olive tree root samples collected from permanent grass cover versus tillage treatment, indicating greater microbial biodiversity.



In semi-natural grasslands, extensive root systems and generally limited amounts of leaf litter favor a high diversity and microarthropod biomass, especially fungal-feeding group [75]. Plant roots can be considered as soil ecosystem engineering, providing nutrient-rich resources for mycelium growth [68]: here, in CT-IR, the low organic matter inputs (leaf litter) and no olive tree cover favored opportunistic microsaprophagous (i.e., Acari Astigmata and Endeostigmata).



Soil pore volume, moisture and aeration provide a suitable biotope to edaphic mesofauna while a sudden change in soil microhabitat, due to tillage, can generate different response/effects in mesofauna [74]. Epi-edaphic arthropods can tolerate desiccation better than hemi- and eu-edaphic forms [75] and can survive microhabitat modification by wandering horizontally towards optimal conditions due to their high ability in dispersal and colonization [76]. The eu-edaphic arthropods, such as Protura and Symphyla, inhabit the deeper soil layers, reached by moving through the soil pore system present in the micro-environment of undisturbed soils (NC), by assuming a role of key-group for evaluating the effect of soil management [25]. Predators, as mite predators, pseudoscorpions and Geophylomorpha, were mainly registered near the olive trunk (UC), where they inhabit moist crevices and soil cover, in particular leaf litter [25]. Their functional role can impact on the assemblages of organisms at a lower level of the food web (saprophages, mycophages and fluid feeders) and contribute to suppress some potential pests. According to Vanhée and Devigne [77], both substratus management and vegetation cover strongly impact the collembola assemblages, especially the abundance of epedaphic groups, such as Enthomobryomorpha.



The environmental conditions, after tillage, favored the abundance of insects’ larvae and thrips (Thysanoptera) as new micro-habitat colonizers. On the contrary, Formicidae’ distribution was sensibly reduced, probably due to the disruption of soil nests, implying loss of ecological functions of ant community, i.e., seed dispersion, soil physical and chemical structuring, predation, nutrient cycling [78]. One of the most studied services that soil mites contribute concerns the decomposition of organic matter in soil resulting from roots and other living or dead organic sources [79]. De Groot et al. [80] registered an increase of biodiversity after conversion from arable land to grassland and found that it was mainly ascribable to the immigration of decomposers and predators. Here, the long-term conservative soil management allowed increase in ecological niches, abundance and rich taxonomic composition, as evidenced by β-diversity and by higher presence of ‘Lower Oribatida’ (Paleosomata, Holosomata and Mixonomata). ‘Lower Oribatida’ are phylogenetically derived from ancient lineages of oribatids very sensitive to perturbation [60]. On the contrary, as evidenced in this study in CT-UC, even if with low dispersal ability, Brachypylina, phylogenetically more recent, showed some faster colonization (i.e., Microppia or Oribatula spp.) than others genus [81]. The composition and distribution of the edaphic acarofauna varies according to soil depth, body size, location and season in the year [81].



Overall, the distribution of microarthropods’ functional groups benefited, firstly, from the grass cover, secondly from the canopy effect, and thirdly from a soil structure that ensures soil macroaggregates and water storage. The CCA highlighted the buffer effect exerted by tree to bare soil and well-living conservation with moisture, AC and epi-edaphic arthropods were close to the canopy factor (UC). Acariformes dominance, especially oribatid mites [82], is generally associated with the amount of organic matter, microporosity and retention of sufficient water: all these factors contribute to maintain the mites’ pabulum and protection by predators [34]. In addition, the water content facilitates the distribution of euedaphic groups, the most sensitive to stress/dryness in soil. A greater number of Parasitiformes was registered in well-structured clay loam soil where these mites can easily move through medium–high pore dimensions. Epedaphic arthropods have no metabolic activity strictly dependent on soil parameters even if their survival strategies are related to vegetation cover. Hemiedaphic forms, including more heterogeneous functional groups-i.e., macrosaprophages, polyphages, predators, seem to select a microenvironment characterized by ecotone peculiarity between the surface and edaphic level.




5. Conclusions


Maintaining the orchard floor covered with grass has beneficial effects that cannot be obtained by periodic tillage, such as the increase in the total and humified organic C content, improvement of the soil structure and its water storage capacity and a more favorable pore distribution pattern in terms of the water and gas flows. All these factors, in turn, favor soil microarthropod communities, increasing their biomass and biodiversity. The patchiness of distribution of the edaphic arthropods is related to the soil texture, plant growth and abundance of food sources. The effects of soil management appeared to result from a complex interaction between space- and time-variable factors: the spatial gradient of tree and grass vegetation across the orchard, through root activity and residues, the pool and turnover of soil organic matter and nutrients, the interference of physical–mechanical stresses associated with soil management and seasonal variability of the weather.



The inter-row space appeared the most vulnerable orchard area. As also observed in vineyards, the absence of a grass cover in the inter-row can drastically lower the orchard sustainability by increasing the soil erosion and concomitantly decreasing the C input in the soil [6]. The absence of vegetation in the bare soils impacted the lower levels of the soil food web, depleting the bacterial and fungal-mediated decomposition channels, as noted by Sánchez-Moreno et al. [83] for nematode biodiversity. Integrating the evaluations of a functional biodiversity and soil properties can represent a useful tool to assess the sustainability of the crop management adopted to maintain the essential functions and ecosystem services of soil.



After this long-term monitoring, the negative reflections on the tree yield performance by the grass covering can be easily overcome by postponing the cover crop establishment for the free development of the young orchard and, in the following years, safeguarding the integrity of the natural resources and, in particular, the soil ecosystem services. An increased awareness of how tillage affects the soil community may aid in the development of sustainable agricultural practices to benefit olive producers.
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Table A1. Summary table of the distribution and abundance (N) of the soil arthropods for each soil sample (6 replicates: I–VI) at different management and olive positions.
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Figure A1. Euclidean-based nonmetric multidimensional scaling (NMDS) plot on the ecomorphotypes composition of the soil plots (stress value by Shepard plot: 0.16). Ellipsoids represent a 95% confidence interval for each treatment (NC-UC: green; NC-IR: blue; CT-UC: red; CT-IR: black). 
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Figure 1. Experimental plots managed by natural grass cover (NC) or conservation tillage (CT). Soil cores were sampled under the canopy (UC) and in the inter-rows (IR). 
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Figure 2. Root distribution of olive trees subjected to two different soil management systems (Natural grass cover, NC; Conservative tillage, CT). Different codes identify the characteristic positions with respect to the tree and tree row. A1 and A6, inter-row and inter-tree positions in the south and north trenches, respectively; A2 and A5, inter-row and frontal tree positions in the south and north trenches, respectively; A3 and A4, close to the tree row (1 m) and inter-tree positions in the south and north trenches, respectively. The range of root density in each square represents the average of three replicate trenches for each treatment. 
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Figure 3. Soil porosity compared in four experimental plots managed by natural grass cover (NC) or conservation tillage (CT) under the canopy (UC) or between the rows (IR). Histograms are means of 6 replicates. Letters on top of bars denote significant differences within the positions and treatments (Duncan’s test; p < 0.05). 
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Figure 4. Relative frequency histogram showing the proportion of each soil arthropod group occupying the 24 sampling sites managed by natural grass cover (NC) or conservation tillage (CT) under the canopy (UC) or between the rows (IR). 
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Figure 5. Assemblage differences of edaphic arthropods communities in 0–10 cm of the soil layers in both environment conditions: management (conservative tillage or natural cover) and position (under olive canopy or inter-row). The extrapolated rarefaction method provides a 95% confidence interval of the expected taxa richness based on the bootstrap method. The coordinates represent the sampled number of individuals and overall population size for each taxa group, respectively. 
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Figure 6. Biplot correlation of the oribatid assemblages in four soil management/position components (green loading values). The ellipse describes the variance at 95% and points to oribatid species with different colors based on their main feeding guilds: black: macrosaprophagous, light blue: polyphagous, pink: mycophagous and green: microsaprohagous. 
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Figure 7. Differences of the five ecomorphotypes abundances in each soil management and position. Mean of the six replicates; different letters indicate significant differences (Duncan’s test; p < 0.05) within the positions and treatments. 
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Figure 8. Canonical Correspondence Analysis (CCA) ordination biplot of the total dataset showing the environmental factors (arrows) and microarthropod group distributions (dots). Positioning of the microarthropod group along each arrow indicates the approximate ranking of the weighted average of the group with respect to that factor. 
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Figure 9. Feeding functional biodiversity of the soil arthropods (%) in each management: macrosaprophagous in green (Ms: Acari, Isopoda, Coleoptera adult and larvae, Diplopoda and Collembola); herbivorous/fluid feeders in orange (H: Acari, Diptera larvae, Hemiptera, Lepidoptera larvae and Thysanoptera); microsaprophagous in violet (mcs: Acari, Diplura, Diptera larvae, Pauropoda and Collembola); mycophagous in purple (myc: Acari, Coleoptera, Collembola and Protura); polyphagous in light green (pol: Acari, Formicidae, Psocoptera and Symphyla) and predators/parasitoids in dark yellow (P: Araneida, Coleoptera, Chilopoda, Coleoptera larvae, Diplura, Hymenoptera, Acari, Pseudoscorpionida and Diptera larvae). 
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Table 1. Cumulative fruit yield, cumulative pruning weight, TCSA increment and the fruit yield-to-pruning weight ratio of olive trees (cv. Frantoio) subjected to different soil management systems (NC: Natural Cover; CT: Conservative Tillage). Values are the means ± standard errors of nine trees per treatment within each time period. Least significant differences (LSD) were calculated by ANOVA (p ≤ 0.05).
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Years after Planting

	
Soil Management

	
Cumulative Fruit Yield (kg Tree−1)

	
Cumulative Pruning Weight (kg Tree−1)

	
ΔTCSA

(dm−2)

	
Fruit Yield/Pruning Weight






	
0–3

(training)

	
NC

	
2.2 ± 2.97 b

	
-

	
0.15 ± 0.03 b

	
-




	
CT

	
6.8 ± 5.44 a

	
-

	
0.25 ± 0.08 a

	
-




	
4–7

(onset of production)

	
NC

	
33.1 ± 9.20 b

	
16.2 ± 5.51 b

	
1.02 ± 0.15 b

	
2.23 ± 1.05




	
CT

	
57.3 ± 16.27 a

	
23.4 ± 10.35 a

	
1.22 ± 0.23 a

	
2.61 ± 0.49




	
8–14

(full production)

	
NC

	
100.2 ± 6.18

	
57.9 ±4.10 b

	
1.59 ± 0.15

	
1.78 ± 0.13




	
CT

	
117.5 ± 7.00

	
77.4 ± 6.49 a

	
1.51 ± 0.13

	
1.64 ± 0.21




	
0–14

(whole period)

	
NC

	
139.5 ± 7.17 b

	
73.7 ± 3.96 b

	
2.93 ± 0.17

	
1.91 ± 0.08




	
CT

	
188.7 ± 7.73 a

	
104.2 ± 7.09 a

	
3.26 ± 0.18

	
1.90 ± 0.19








Mean values followed by standard errors in parentheses. Different letters indicate significant differences (Duncan’s test; p < 0.05) within the positions and treatments.
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Table 2. Soil physical and chemical properties * under different management systems (NC and CT) and positions (UC and IR).






Table 2. Soil physical and chemical properties * under different management systems (NC and CT) and positions (UC and IR).





	
Management

	
Position

	
BD

g cm−3

	
MWDdry

mm

	
MWDwet

mm

	
AC

m3 m−3

	
AWC

m3 m−3

	
TOC

%

	
HC

%

	
DH

%






	
NC

	
UC

	
1.39

(±0.08)

	
11.0 a

(±0.27)

	
6.7 a

(±0.11)

	
0.16 b

(±0.03)

	
0.18 a

(±1*10−2)

	
2.0 a

(±0.12)

	
0.51 a

(±0.06)

	
49.9

(±6.33)




	
IR

	
1.44

(±0.10)

	
12.1 a

(±0.18)

	
6.6 a

(±0.08)

	
0.13 b

(±0.05)

	
0.17 ab

(±2*10−3)

	
1.9 a

(±0.13)

	
0.41 ab

(±0.10)

	
37.3

(±6.84)




	
CT

	
UC

	
1.23

(±0.04)

	
6.4 b

(±0.61)

	
5.3 b

(±0.37)

	
0.27 a

(±0.01)

	
0.16 bc

(±3*10−3)

	
1.7 a

(±0.08)

	
0.36 b

(±0.07)

	
37.1

(±6.00)




	
IR

	
1.36

(±0.02)

	
6.9 b

(±1.03)

	
1.7 c

(±0.13)

	
0.29 a

(±0.01)

	
0.14 c

(±5*10−4)

	
1.4 b

(±0.04)

	
0.20 b

(±0.04)

	
32.8

(±5.60)








* Mean values followed by standard errors in parentheses. Different letters indicate significant differences (Duncan’s test; p < 0.05) within the positions and treatments.
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