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Abstract

:

The multi-height (low, L = 3 cm; intermediate, M = 100 cm; high, H = 200 cm) Beerkan run methodology was applied on both a minimum tilled (MT) (i.e., up to a depth of 30 cm) and a no-tilled (NT) bare loam soil, and the soil water retention curve was estimated by the BEST-steady algorithm. Three indicators of soil physical quality (SPQ), i.e., macroporosity (Pmac), air capacity (AC) and relative field capacity (RFC) were calculated to assess the impact of water pouring height under alternative soil management practices. Results showed that, compared to the reference low run, M and H runs affected both the estimated soil water retention curves and derived SPQ indicators. Generally, M–H runs significantly reduced the mean values of Pmac and AC and increased RFC for both MT and NT soil management practices. According to the guidelines for assessment of SPQ, the M and H runs: (i) worsened Pmac classification of both MT and NT soils; (ii) did not worsen AC classification, regardless of soil management parameters; (iii) worsened RFC classification of only NT soil, as a consequence of insufficient soil aeration. For both soil management techniques, a strong negative correlation was found between the Pmac and AC values and the gravitational potential energy, Ep, of the water used for the infiltration runs. A positive correlation was detected between RFC and Ep. The relationships were plausible from a soil physics point of view. NT soil has proven to be more resilient than MT. This study contributes toward testing simple and robust methods capable of quantifying soil degradation effects, due to intense rainfall events, under different soil management practices in the Mediterranean environment.
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1. Introduction


The mechanical impact of water drops, occurring during intense rainfall events, may deteriorate the soil physical properties [1,2,3]. The surface soil structure deterioration can occur due to the breakdown of the chemical-physical bonds responsible for soil aggregation, the displacement of the detached soil particles, and as a consequence of the subsequent re-compaction of the finest soil particles [2,4]. Because of these main processes, a soil seal, that is a relatively dense and compact surface soil layer, generally thin and with low permeability, can be formed [5]. Under specific critical soil conditions, i.e., a sloping bare soil, soil sealing may represent the main cause of surface runoff and erosion during rainstorms [6,7] particularly in arid and semi-arid environments [1,8].



References of literature report that compared to tilled soils, no-tillage (NT) is an agronomic practice that preserves the natural physical soil properties of the whole layer explored by roots. This allowing microbial and biotic activities, and increasing the water infiltration, bulk density, and water content both at wilting point and at field capacity [9,10]. Several works have extensively compared various types of soil management practices, including methods of tillage and crop residue management, compared to the no-tillage of the soil, under rainfall simulation. For example, Andraski et al. [11] investigated the impact of some simulated rainfall intensity during the corn growing season over a four-year period. For this, conventional (moldboard plow) and conservation (i.e., chisel plow or no-tillage) tillage effects on soil surface, i.e., runoff volumes and soil losses, were evaluated. Results showed that, across all sampling dates considered, the no-tillage decreased the soil loss until 90% as compared with conventional tillage, while other treatments reduced it to a lesser extent (about 45–90%). In a study conducted by Carretta et al. [12], aimed at investigating both runoff and soil erosion in a no-tilled soil in comparison with a tilled soil, during the transition period (i.e., a few years after conversion to no-tillage), results showed that the average sediment production under NT was only 47% as compared to conventional tillage (CT). Authors concluded that the observed reduction in runoff and sediment yield under NT may represent on-site benefits both in terms of sustainable soil management techniques and surface water quality. Rodrigo-Comino et al. [13], investigating sloping vineyards in a Mediterranean environment with bare soils, have pointed out that key factors negatively impacted on soil erosion processes are the extreme rainfall events and management practices, i.e., pruning, ploughing, and trampling. Therefore, a high-risk condition can be assumed when the soil is bare, without cover after tillage practices.



Although the literature on this topic is very extensive, the examples reported suggest that conservative (i.e., no-tillage) systems represent a viable solution to manage the soil in a sustainable way and reduce environmental risks. As a consequence, the scientific community has paid close attention to developing new methods, or refining existing ones, to investigate, and attempt to solve, some practical issues [4,14,15,16,17].



Bagarello et al. [18] have proposed a relatively simple infiltration procedure based on combination of multi-height Beerkan experiments and BEST-method application [19] for the estimation of soil hydraulic functions (i.e., soil water retention curve and hydraulic conductivity function) under conditions representative of the late stage of a rainfall event, i.e., when the soil deterioration effects have taken place. In that procedure, single ring infiltrations need to be performed on the soil surface of different sampling sites, because the water is poured from different heights, i.e., from a negligible height to avoid soil compaction (named low, L, about 3 cm), as is usual for the standard BEST-method [19], or from a relatively higher height (named high, H, 150 cm) to induce surface soil degradation. Therefore, the proposed experimental procedure was conceived to compare the hydraulic properties of practically undisturbed soils (L runs) with the soil hydraulic properties modified due to the water impact (H runs).



Castellini et al. [20] have extended the multi-height Beerkan run methodology to account for a larger infiltration surface (177 cm2 instead of 50 cm2), a higher range of water pouring heights, and three water pouring heights (3, 100 and 200 cm). This new procedure was applied to evaluate the effects on a loam soil recently tilled or undisturbed for a long time. The main results showed that: (i) saturated soil hydraulic conductivity significantly and monotonically decreased from the L to H runs, and lower Ks values were always detected under conventional tillage than no-tillage for each water pouring height; and (ii) the water retention scale parameter, hg, estimated by BEST, appreciably changed (i.e., about a factor of two) between non-perturbing (L) and perturbing (M, H) runs. Therefore, the authors concluded that the multi-height Beerkan run methodology is promising because, based on a single infiltration experiment and few routine measurements on the soil (texture, water content and dry bulk density), it allows: (i) studying of the relatively high energy effects on the soil during mimicked heavy rainfall events; and (ii) determining the hydraulic properties under such conditions and for different soil management practices [20]. However, to date, the methodology has not yet been applied for investigations on the physical quality of the soil.



The soil physical quality (SPQ) estimation makes use of capacitive soil indicators (among others, macroporosity, air capacity, plant available water capacity) obtained from the soil water retention curve [21,22]. They have proven to be a useful diagnostic tool for evaluating the environmental sustainability of Mediterranean agroecosystems [23,24,25,26]. In order to investigate the effect of the mechanical impact of water drops on soil water retention, a possible solution could be to sample undisturbed soil cores at the end of the M or H infiltration tests. However, uncertainty in estimates due to probable over-compaction is likely to be obtained. This is especially true when the soil is saturated or near saturated. Additionally, the timing of soil sampling is difficult to establish because the effects of water pouring heights could be transitory and not known a priori. In this regard, the BEST-derived soil water retention curves can be used to quantify the effects on SPQ. Consequently, the combination of Beerkan multi-height runs and BEST methods represents a possible experimental alternative, relatively simple and accurate, to investigate the aforementioned impact on soils, where opposite soil porosity conditions were established, as a consequence, for example, of long-term no-tilled (NT) and recently tilled (MT) soil conditions. Furthermore, the experimental information obtained could be easily extended to real field conditions, because the sustainability of no-tillage systems is a current research topic in the Mediterranean area [27,28].



The main aim of this study was to investigate the effects of mechanical impact of different heights of water pouring (low, L = 3 cm; intermediate, M = 100 cm; high, H = 200 cm) on the SPQ of NT and MT loam soil. For this, coupled Beerkan multi-height runs and BEST method were applied with the objective to estimate capacitive soil physical quality indicators, i.e., macroporosity, air capacity and relative field capacity from the soil water retention and then assessing the induced effects on porous medium, in agreement with literature guidelines.




2. Materials and Methods


2.1. Field Site


This investigation was carried out at the experimental field of the Council for Agricultural Research and Economics, Research Center for Agriculture and Environment (CREA–AA) of Bari, Italy (41°06′37.31″ N, 16°52′40.12″ E) (Figure S1). The field site is in the Mediterranean region with warm temperate climate, and hot and dry summer. The mean annual temperature is 16.1 °C with a mean annual precipitation of 567 mm, calculated over the period 1995–2015 [29]. Using the aridity index defined by Holdridge et al. [30] the climate of the region was classified as dry [23,29].



The experimental field was fallow and undisturbed for at least five years, and the most representative spontaneous species was the common wood sorrel (Oxalis pes-caprae L.). According to the USDA classification, the investigated soil was a loam, with 43.2% and 17.2% of sand and clay, respectively [20]. An experimental area of about 200 m2 was selected and split in two parts in order to establish the two alternative soil management conditions (Figure 1). At the beginning of April 2018, half of the selected area was tilled with a rotary tiller up to a depth of about 30 cm to establish a minimum tilled (MT) plot, while the other half was cleaned by vegetation with a brush cutter and the vegetation was left in situ (no-tilled, NT, plot). This operation was made under relatively dry soil condition to prevent soil compaction.



One week after plot preparation, twelve sampling points were established for the given soil management parameters (MT and NT) and 36 Beerkan experiments were carried out using three heights of water pouring [20]. For a given soil management practice, water was poured from about 3 cm (low height runs, L; n = 12), 100 cm (intermediate height runs, M; n = 12) and 200 cm (high height runs, H; n = 12) (i.e., 2 treatments × 3 heights × 12 replicates). Beerkan experiments were conducted using fifteen volumes of water of 200 mL each. Field experiments ended in August and no precipitation occurred in the months of the investigation.




2.2. BEST Procedure and Soil Physical Quality Estimation


The BEST procedure by Lassabatere et al. [19] was applied to estimate the soil water retention curve. Therefore, at each sampling site, the following determinations were made: (i) soil bulk density (BD), using soil cores of 10 cm in height by 5 cm in diameter (196 cm3); (ii) soil porosity, estimated from BD, considering a mean particle density of 2.65 g cm−3; (iii) gravimetric soil water content at the time of infiltration run, using the soil sample collected for BD determination; and the (iv) percentages of clay, silt, and sand, according to the USDA classification.



Briefly, the BEST-method uses the van Genuchten [31] model with the Burdine [32] condition for the water retention curve (Equations (1) and (2)), and the Brook and Corey [33] model for hydraulic conductivity (Equations (3) and (4)):
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where θ (L3L−3) is the volumetric soil water content, h (L) is the soil water pressure head, K (L T−1) is the unsaturated soil hydraulic conductivity, n (>2), m and η are shape parameters, p is a tortuosity parameter set equal to 1 following Burdine’s [32] condition, while hg (L), θs (field saturated soil water content; L3L−3), θr (residual soil water content; L3L−3), and Ks (field saturated hydraulic conductivity; LT−1) are scale parameters. In BEST, θr is assumed to be zero. Shape parameters, which are texture-dependent, are estimated from particle-size analysis and soil bulk density measurement, assuming a shape similarity between the particle-size distribution and the water retention curve [34].



The pedotransfer function by Minasny and McBratney [35] was applied to estimate the shape parameters from mean values (namely, for a given sampling point) of clay, silt and sand percentages measured at each sampling site [27,36]. Three alternative calculation algorithms were developed to analyze field infiltration data, i.e., BEST-slope [14], BEST-intercept [37], and BEST-steady [38]. They use the same experimental information (i.e., soil particle size distribution or soil texture, soil bulk density, volumetric soil water content at the time of experiment and cumulative infiltration), but differ in the procedure to fit the infiltration models for transient and steady states to the experimental data [16]. The scale parameter of the soil water retention curve, hg, is estimated by the equation:
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where S (LT−1/2) is the soil sorptivity and cp is a coefficient dependent on n and m according to Equation (6) by Lassabatere et al. [19]. Castellini et al. [39] analytically showed that BEST-intercept and BEST-steady yielded an identical hg estimate. Therefore, two estimates of the soil water retention curve were obtained, depending on the use of the chosen algorithm, i.e., BEST-slope or BEST-intercept/steady. Previous studies [16,20] found that BEST-steady is the most appropriate calculation algorithm for multi-height infiltration tests. However, it was expected that water pouring heights can also affect the transient phase of the infiltration process [16]; therefore, a preliminary check of BEST-slope and BEST-intercept was also conducted. The reliability of the different BEST algorithms was evaluated in terms of success rate in providing complete soil hydraulic characterization and fitting performance of the infiltration model to the transient data. This latter parameter was evaluated only for BEST-slope and BEST-intercept, which make use of transient data by calculating the percentage relative fitting error, RE, as suggested by Lassabatere et al. [19]:
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where Iexp and Imod stand for experimental and modelled cumulative infiltrations, respectively, and k is the number of experimental data points selected to fit the transient state model. Further information on the BEST method can be found in the original paper by Lassabatere et al. [19] and the review by Angulo-Jaramillo et al. [40].



The soil water retention curve estimated by BEST-steady was used to calculate three soil physical quality indicators, namely, macroporosity (Pmac), air capacity (AC) and relative field capacity (RFC):
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where θ10 and θ100 represent the volumetric water content corresponding to h = −10 and −100 cm, indicating the volume of pores less than 0.3 mm equivalent diameter and the field capacity, respectively [21].



The impact of water pouring height on SPQ assessment was conducted on the basis of literature indications [21,22]. Specifically, SPQ values were classified as optimal when the average values for the considered indicators fell within the following ranges: (i) 0.04 ≤ Pmac ≤ 0.10 cm3 cm−3; (ii) 0.10 ≤ AC ≤ 0.26 cm3 cm−3; (iii) 0.6 ≤ RFC ≤ 0.7.



For each main variable considered in this investigation (BD, Pmac, AC and RFC), a given dataset was summarized by calculating the arithmetic mean and the associated coefficient of variation, and variables were assumed to be normally distributed, as commonly suggested in the literature (among others, Castellini et al. [22]). A preliminary linear correlation analysis was carried out among main variables to check relationships between the independently measured bulk density and the capacitive SPQ indicators (Pmac, AC and RFC) obtained by BEST. The impact of soil management and water pouring height on correlations was also explored. For a given soil management practice, a Tukey HSD test was used to compare the mean values of SPQ indicators corresponding to the water pouring heights. A two tailed t-test was used to compare, for a given water height, the effects of soil management practices. A probability level of p = 0.05 was always assumed, unless otherwise specified.





3. Results


3.1. Soil Condition at the Time of Infiltration Experiments


The initial soil condition showed soil bulk density and volumetric water content values equal to 1.2389 g cm−3 and 0.0860 cm3 cm−3 (coefficients of variation, CV, equal to 7.6 and 26.0%, respectively) under MT, and equal to 1.2646 g cm−3 and 0.1002 cm3 cm−3 (CV equal to 6.1 and 20.7%) under NT. Consequently, estimated saturated soil water contents from soil bulk density were 0.5325 cm3 cm−3 and 0.5228 cm3 cm−3, under MT and NT, respectively.




3.2. Evaluation of the BEST-Algorithms for Multi-Height Experiments


The three BEST-algorithms resulted in a different efficiency in providing a complete soil hydraulic characterization (Figure 2). BEST-slope failed in about 74% of the analyzed runs (i.e., 27/36) under NT and in 33% (12/36) under MT. The reasons are due to the relatively low ability of the BEST-slope algorithm to yield valid estimations of saturated hydraulic conductivity (Ks) and soil sorptivity (S) under the specific experimental conditions considered (i.e., soil physical status and height of water pouring). Moreover, in other two runs (one MT-M and one NT-L) BEST-slope provided unreasonably high values of the hg parameter (i.e., about 8000–9000 mm) and, therefore, these runs were discarded. The relatively low efficiency of BEST-slope compared to the other BEST-algorithms is quite well known in the literature [40]. However, our results showed that the water pouring height affected the efficiency, because the failure rate increased by a factor two (i.e., M and L) or three (H) passing from NT to MT (Figure 2). On the contrary, BEST-intercept and BEST-steady were more efficient because they provided soil hydraulic estimations in 85–100% of the analyzed runs under NT-MT.



The accuracy of BEST-algorithms that make use of the transient infiltration data, i.e., BEST-slope and BEST-intercept, under different water pouring heights was further evaluated. Figure 3 summarizes the relationship between the percentage relative error (RE) of fitting for BEST-slope and BEST-intercept, as a function of water pouring height (i.e., L, M and H), under MT and NT. Overall, relatively higher RE values were observed for H runs and lower for L runs, with the only exception of slope-H under NT for which only two data values were available (Figure 3a). Regardless of the algorithm considered, the mean values of RE were lower than the suggested threshold (5%) only under L runs. As expected, RE increased as the disturbance on the soil surface increased (Figure 3b). Overall, large RE values may occur when the assumed infiltration model is not adequate for the studied soil or infiltration measurements have a poor quality [18,41]. In this case, comparatively higher RE values are linked only to the perturbative effect due to the higher water heights (M and H), as verified in previous investigations [18]. Due to the relatively high percentage of failure of BEST-slope and the inaccurate fitting of the transient infiltration data for the higher water pouring heights by both BEST-slope and BEST-intercept, soil water retention curves were estimated by BEST-steady.




3.3. Soil Water Retention Curve Estimation


The estimated soil water retention curves determined for NT and MT, and the different heights of water pouring are depicted in Figure 4. The corresponding parameters of van Genuchten model are reported in Table 1. A visual inspection shows small differences among curves. Relatively lower values of soil water retention were detected when L runs were considered, while M–H curves overlapped. Following application of the BEST procedure, the estimated soil water retention curves mainly changed according to the scale parameter, hg. Indeed, a clear increase in hg was observed, in both soil management practices as the water pouring height increased from 3 cm (L run) to 100 cm (M run) (Table 1). Practically, this more appreciably affected the water retention for L–M runs, with a maximum (max) percentage difference between the two θ predictions for a given h of 3.65% (mean = 2.42%) or 3.36% (mean = 2.13%) under NT or MT, respectively. Increasing the water pouring height up to 200 cm resulted in minimum (NT) or negligible (MT) increase in hg, and the θ values increased a little more under NT (max = 4.75%; mean = 3.16%) or were practically equivalent (max = 3.27%; mean = 2.07%) under MT. Regardless of soil management technique, the maximum differences were in the range 20 < h < 30 cm. The other model parameters (θs, n, m) were the same under MT (100% success rate) because similar initial soil conditions were considered for the three Beerkan tests (L, M and H) conducted at each site. Slight differences were obtained under NT because the different heights were characterized by a different sample size (86% success rate). The mean retention curves were used to estimate the SPQ indicators for the different heights of water pouring and soil management parameter.




3.4. Linear Correlations among Soil Properties


A preliminary check on correlation among the estimated SPQ indicators, i.e., relative field capacity, RFC, air capacity, AC, macroporosity, Pmac, obtained by BEST-steady and soil bulk density, BD, is reported in Table 2. Overall, the expected correlations were obtained when L or M runs were considered, because AC and Pmac decreased and RFC increased as BD increased, both under MT and NT. However, only AC and Pmac yielded significant linear correlations. Conversely, more uncertain (AC–Pmac vs. BD) or unexpected (i.e., RFC decreasing at increasing BD) correlations were obtained when H runs were considered, and a significant inverse relationship between AC and BD was only maintained under NT soil (Table 2). Therefore, based on correlation analysis, only H runs seems to have influenced the SPQ estimates while M results were similar to the reference ones (L).




3.5. Soil Physical Quality Eestimation


3.5.1. Macroporosity


The box plot in Figure 5 summarizes the impact of water pouring height (i.e., using M–H instead of L) on Pmac estimation, under MT and NT soil management practices. Assuming the mean Pmac for L runs as reference, the reduction in macroporosity was, on average, equal to a factor of 1.8–1.9 under MT and 1.8-2.5 under NT. NT soil showed some outliers for M and H runs. Overall, a decreasing, but not significant (R2 = 0.068), correlation between the coefficients of variation, CV, and the height of water pouring was detected. According to the Tukey test, M and H runs determined a significant reduction in macroporosity for MT soil management; this effect was statistically significant only for the highest perturbative runs (H) under NT. According to a t-test, only H runs showed significant differences between soil management factors. The water impact also changed the soil physical quality assessment; according to the literature guidelines, M and H cause a decrease in macroporosity below the critical limit of 0.04 cm3 cm−3, i.e., the results suggested soil degradation due to excessive compaction (Figure 5).




3.5.2. Air Capacity


The box plot in Figure 6 summarizes the impact of water pouring height on AC estimation. The reduction in air capacity was equal to a factor 1.2, regardless of water heights or soil management practices. Only NT soil showed some outliers for H runs. A weak, but significant (R2 = 0.355) correlation between CV and water pouring height was detected. According to the Tukey test, M or H runs determined a significant reduction in air capacity for MT soil management, whereas for NT, a significant reduction in AC was detected only for H runs. According to a t-test, only H runs produced significant differences in air capacity between the two soil management factors, whereas no statistical difference was found for L and M water pouring heights. The detected reductions did not change the SPQ assessment, because AC was always classified as optimal.




3.5.3. Relative Field Capacity


The box plot in Figure 7 summarizes the impact of water pouring height on RFC estimations. The increase in RFC with increasing water pouring height was mainly due to the growth of the smaller pores in relation to total porosity (Equation (9)), and it was in accordance with the macropore reduction. RFC increased by a factor 1.08–1.09 under MT and 1.08–1.11 under NT, for the ratios H/L–M/L, respectively. Only NT soil showed some outliers for M runs. A moderate, but significant (R2 = 0.324) correlation between CV and water pouring height was detected. According to a Tukey test, M or H runs determined a significant increase in relative field capacity, compared to L runs, under both soil management practices. Differences in RFC between MT and NT were significant only under H runs (Figure 7). Independently of the applied water pouring height, RFC was classified as optimal under MT, whereas signs of SPQ degradation were detected for M–H runs under NT indicating limited soil aeration (RFC > 0.7).






4. Discussion


The multi-height Beerkan run methodology proposed by Castellini et al. [20] was applied to detect the mechanical impact of water pouring height (from 3 to 200 cm) on the soil physical quality of a loam soil under minimum tillage and no tillage. To this aim, the BEST-steady procedure was applied to estimate the soil water retention curve, and three SPQ indicators, i.e., Pmac, AC and RFC, were considered.



Checking how soil properties are correlated to each other and if, in some cases, they are not consistent with the expected trends, is the basic prerequisite to validate the findings. The correlation analysis between independently measured soil bulk density values and the BEST-derived SPQ indicators, conducted for the “control” L runs, and the perturbative M and H runs, suggested credible findings on the induced soil physical quality changes. Indeed, an expected significant relationship with BD was detected for both Pmac and AC (Table 2), but signs of a more uncertain correlation were observed as the water pouring heights increased. The lack of statistical significance for the correlation between BD and RFC was not a completely unexpected result, because in a previous field investigation (i.e., fine-textured soil under durum wheat crop), similar poor correlations were observed when BEST was applied [27]. Given that RFC is the ratio between volumetric water contents at two different pressure heads, h= −100 and 0 cm, respectively, it can be interpreted as an index of the relative importance of meso-micropores to total porosity. This could explain why correlation between RFC and BD, which is indicative of total soil porosity, is generally weak. Quite interestingly, the worse correlations observed as water height increased further support the reliability of the SPQ estimations conducted by BEST. Indeed, for the experimental conditions considered in this investigation, soil bulk density accounted only for the initial “non-perturbed” soil condition, whereas capacitive indicators progressively worsened from L to M or H, signaling deterioration of soil physical quality.



Following the guidelines in the literature, optimal SPQ values were always detected with L runs (Figure 5, Figure 6 and Figure 7). This is in line with the previous BEST studies, that suggest a negligible soil compaction when a “standard” Beerkan infiltration experiment (L) is performed [20,40]. However, three different results were obtained with the perturbative runs (M–H runs), depending on the considered indicator: (i) air capacity classification did not change because the starting optimal AC values (L) remained optimal even after the M and H runs; (ii) macroporosity classification worsened for both soil management parameters (MT and NT); (iii) relative field capacity classification worsened only for the NT soil. The lack of sensitivity to soil degradation for the AC indicator suggests that guidelines consider an “optimal” range (0.10–0.26 cm3 cm−3) that is probably too wide for the investigated loam soil. Reynolds et al. [21] proposed a lower limit of AC = 0.14 cm3 cm−3 for sandy loam to clay loam soils, which is very close to the mean AC value observed in NT soil management exposed to H runs in this study (Figure 6).



The soil management practice affected the influence of water pouring height on SPQ estimation. Figure 8 summarizes the relative differences between the measured mean SPQ indicators and the average of the optimal range (i.e., the arithmetic mean between the upper and the lower values of the optimal interval) as a function of water pouring heights. Results showed that, regardless of the SPQ indicator considered, there was no further degradation of MT soil when the highest height (H) was applied, because the relative differences in SPQ were practically constant between M and H. On the contrary, a further soil degradation was detected under NT, suggesting greater resilience of undisturbed soil. Tillage is expected to weaken soil structure [42], and stable aggregation under wetting can be better under no-tilled than tilled soils, because more soil organic carbon is sequestered within macro-aggregates in the former case than the latter [43]. Results of this investigation further confirm previous findings obtained by Castellini et al. [20] on the same loam soil for saturation hydraulic conductivity. Compared to a no-tilled soil, in fact, it was necessary to apply less energy under tilled soils and, probably, the soil degradation effect can wear off with consecutive M runs. On the contrary, a greater energy needs to be applied on the surface of NT soil, i.e., using H rather than M runs, or a higher number (>15) of H runs, before observing the curve flattening.



The energy of the water impacting the soil from predetermined heights was suggested as a viable solution to predict the mean saturated soil hydraulic conductivity, Ks, in a soil condition that is closer to that expected when runoff is formed [20,44]. For conventional tillage and no-tillage soil management practices, a strong negative logarithmic relationship between the gravitational potential energy, Ep, of the water used for the infiltration runs and Ks values was reported by Castellini et al. [20]. A similar relationship was obtained in this study for Pmac and AC, indicating a reduction in relatively larger pores, while an increasing relationship was obtained for RFC, as a consequence of the counteracting increase in the relatively smaller pores (Figure 9). These findings agree with those obtained for Ks on the same loam soil, although the R2 values were comparatively lower (R2 = 0.958–0.962 under MT and R2 = 0.986–0.988 under NT). These findings suggest that, besides returning accurate estimations of hydrodynamic parameters of the soil [45,46,47], BEST can also be usefully applied to evaluate the effect of the impact of rainfall on capacitive indicators of soil physical quality.



The results of this investigation showed that, regardless of the soil physical quality indicators considered, soil management may play a major role when intense (extreme) rainfalls events occurs, because a significant soil degradation occurred in NT soil only when H runs were carried out.




5. Conclusions


The multi-height Beerkan run methodology was applied to mimic the mechanical impact of rainfall on the surface of a loam soil under minimum tillage and no-tillage. Three soil physical quality indicators (i.e., macroporosity, air capacity and relative field capacity), estimated from the soil water retention curve obtained by BEST-steady, unanimously signaled a reduction in the proportion of the relatively larger soil pores when perturbative runs were performed (height of water pouring of 100–200 cm) as compared to the control, i.e., non-perturbative L-runs (water poured from about 3 cm). As a consequence of these modifications, macroporosity and air capacity of the soil decreased, and field capacity increased for both MT and NT soil management.



According to the guidelines suggested in the literature to classify optimal soil physical quality, the perturbative M and H runs worsened the Pmac classification of both MT and NT soil management practices, and the RFC classification of only NT. Conversely, AC classification was not affected, regardless of water heights and soil management practices; results were always optimal. The lack of sensitivity for AC indicators was attributed to a reference optimal range that was probably too large for the studied soil.



From the sustainable soil management point of view (i.e., agricultural or marginal soils), this study supports the available literature that recommends the conversion to no-tillage, to reach a better agro-environmental sustainability.



This investigation extended findings of previous studies, because the soil degradation effects induced by M and H runs were evaluated, for the first time, in terms of capacitive indicators, and some signs of a different resilience of NT compared to MT soil were showed when H runs were used to mimic very intense rainfall events. Therefore, the proposed methodology appears attractive for future investigations aimed at studying the effects of mechanical raindrop impact to various agronomic conditions in the Mediterranean environments.
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Figure 1. View of experimental field with indication of tilled (MT) and no-tilled (NT) plots (a,b), and the device used to ensure flow verticality and to prevent wind effects during the runs with a height of water pouring of 200 cm (c), 100 cm (d), and 3 cm (e). 
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Figure 2. Success rate in obtaining a water retention curve with BEST-slope and BEST-intercept/steady for different heights of water pouring (high, H; intermediate, M; low, L) and soil management practices (minimum tillage, MT; no-tillage, NT). The percentages are related to the total sample size, n = 36. 
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Figure 3. Results of percentage relative error (RE) of the fitting of the BEST-slope and BEST-intercept infiltration model (abbreviated as slope and intercept, respectively) to the transient phase of the infiltration runs, as a function of heights of water pouring (low, L; intermediate, M; high, H), under minimum tillage (MT) and no-tillage (NT) (a); relationship between mean values of RE and water pouring height (L = 3 cm, M = 100 cm and H = 200 cm) (b). 
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Figure 4. Mean values of volumetric soil water content, VSWC, vs. absolute value of soil pressure head, h, obtained with BEST-steady for low (L), intermediate (M) and high (H) infiltration runs, under minimum tillage (MT) and no-tillage (NT). 
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Figure 5. Box plots of macroporosity (Pmac) corresponding to low (L), intermediate (M) and high (H) runs, under minimum tillage (MT) and no-tillage (NT). The thick red line on each box represents the mean value, and the thin black line represents the median; the former is also reported with numbers. White circles represent outliers (extreme outliers in black). Interval between the dashed lines represents the optimal values of Pmac according to Reynolds et al. [21]. For a given soil management practice, mean values of water height followed by the same letter are not statistically different according to a Tukey HSD test; for a given water height, differences in soil management were reported according to a two-tailed t-test (n.s. = not significant). 
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Figure 6. Box plots of air capacity (AC). Interval between the dashed lines represents the optimal values of AC according to Castellini et al. [22]. For a given soil management practice, mean values of water height followed by the same letter are not statistically different according to a Tukey HSD test; for a given water height, differences in soil management were reported according to a two-tailed t-test (n.s. = not significant). For the meaning of the abbreviations or interpret box plots, please refer to the caption of Figure 5. 
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Figure 7. Box plots of relative field capacity (RFC). Intervals between the dashed lines represent the optimal values of RFC according to Reynolds et al. [16]. For a given soil management practice, mean values of water height followed by the same letter are not statistically different according to a Tukey HSD test; for a given water height, differences in soil management practices were reported according to a two-tailed t-test (n.s. = not significant). For the meaning of the abbreviations or interpret box plots, please refer to the caption of Figure 5. 
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Figure 8. Relative differences in SPQ between measured mean values and the average of the optimal range as a function of heights of water pouring (low, 3 cm; intermediate, 100 cm; high, 200 cm), under minimum and no-tillage (solid and dotted lines, respectively). 
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Figure 9. Relationship between the mean values of macroporosity (Pmac), air capacity (AC) and relative field capacity (RFC), and the gravitational potential energy (Ep) of the water for the two soil management practices (MT and NT). 
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Table 1. Statistics of soil water retention curve parameters, i.e., saturated soil water content, θs, n, m and scale parameter, hg, obtained with BEST-steady, under different water pouring heights and soil management practices.
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L

	

	
M

	

	
H




	
Parameter (Units)

	
Soil

	
n

	
Mean

	
CV (%)

	
n

	
Mean

	
CV (%)

	
n

	
Mean

	
CV (%)






	
θs (cm3 cm−3)

	
NT

	
8

	
0.511

	
5.1

	
11

	
0.519

	
5.4

	
12

	
0.523

	
5.6




	
n (-)

	
8

	
2.151

	
0.1

	
11

	
2.150

	
0.1

	
12

	
2.150

	
0.2




	
m (-)

	
8

	
0.070

	
1.8

	
11

	
0.070

	
2.0

	
12

	
0.070

	
2.1




	
|hg| (cm)

	
8

	
6.4

	
40.7

	
11

	
10.4

	
33.3

	
12

	
11.8

	
19.0




	
θs (cm3 cm−3)

	
MT

	
12

	
0.533

	
6.7

	
12

	
0.533

	
6.7

	
12

	
0.533

	
6.7




	
n (-)

	
12

	
2.149

	
0.2

	
12

	
2.149

	
0.2

	
12

	
2.149

	
0.2




	
m (-)

	
12

	
0.069

	
2.6

	
12

	
0.069

	
2.6

	
12

	
0.069

	
2.6




	
|hg| (cm)

	
12

	
4.8

	
33.7

	
12

	
8.4

	
20.1

	
12

	
8.2

	
27.5




	
n, sample size; CV, coefficient of variation; L, low runs; M, intermediate runs; H, high runs; NT, no-tillage; MT, minimum tillage.
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Table 2. Matrix of linear correlation between soil bulk density (BD) and capacitive indicators obtained by BEST-steady (relative field capacity, RFC, air capacity, AC, macroporosity, Pmac), under low (L), intermediate (M) and high (H) heights of water pouring. Significant correlations were highlighted in bold.
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Minimum Tillage

	

	
No-Tillage






	
L

	

	
BD

	
RFC

	
AC

	
Pmac

	

	

	
BD

	
RFC

	
AC

	
Pmac




	

	
BD

	
1

	

	

	

	

	
BD

	
1

	

	

	




	

	
RFC

	
0.5116

	
1

	

	

	

	
RFC

	
0.6038

	
1

	

	




	

	
AC

	
−0.8538

	
−0.8831

	
1

	

	

	
AC

	
−0.7861

	
−0.9667

	
1

	




	

	
Pmac

	
−0.7525

	
−0.9450

	
0.9842

	
1

	

	
Pmac

	
−0.7223

	
−0.9806

	
0.9924

	
1




	
M

	

	
BD

	
RFC

	
AC

	
Pmac

	

	

	
BD

	
RFC

	
AC

	
Pmac




	

	
BD

	
1

	

	

	

	

	
BD

	
1

	

	

	




	

	
RFC

	
0.1942

	
1

	

	

	

	
RFC

	
0.2779

	
1

	

	




	

	
AC

	
−0.8210

	
−0.7188

	
1

	

	

	
AC

	
−0.5507

	
−0.9548

	
1

	




	

	
Pmac

	
−0.6416

	
−0.8729

	
0.9637

	
1

	

	
Pmac

	
−0.3541

	
−0.9871

	
0.9681

	
1




	
H

	

	
BD

	
RFC

	
AC

	
Pmac

	

	

	
BD

	
RFC

	
AC

	
Pmac




	

	
BD

	
1

	

	

	

	

	
BD

	
1

	

	

	




	

	
RFC

	
−0.1332

	
1

	

	

	

	
RFC

	
0.1662

	
1

	

	




	

	
AC

	
−0.5488

	
−0.7543

	
1

	

	

	
AC

	
−0.7048

	
−0.8157

	
1

	




	

	
Pmac

	
−0.2689

	
−0.9131

	
0.9478

	
1

	

	
Pmac

	
−0.5116

	
−0.9118

	
0.9604

	
1
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