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Abstract

:

The evaluation of the effects of conservation agriculture during the transition from conventional tillage to no-tillage requires numerous indicators to be considered. For this purpose, we monitored changes in a multi-parameter dataset during a three-year experiment that combined three tillage intensities (conventional tillage—CT; minimum tillage—MT; and no tillage—NT) with three soil covering managements (tillage radish cover crop, winter wheat cover crop and bare soil). Using a multivariate analysis, we developed a Relative Sustainability Index (RSI) based on 11 physical (e.g., bulk density and penetration resistance), chemical (e.g., soil organic carbon and pH) and biological soil properties (e.g., earthworm density) to evaluate cropping systems sustainability. The RSI was most affected by tillage intensity showing higher RSI values (i.e., better performances) in reduced tillage systems. Specifically, the RSI under NT was 42% greater than that of CT and 13% greater than that of MT. Soil covering had little impact on the RSI. Among the tested parameters, the RSI was increased most by saturated hydraulic conductivity (+193%) and earthworm density (+339%) across CT and NT treatments. Our results suggest that conservation agriculture and, particularly, reduced tillage systems, have the potential to increase farm environmental and agronomic sustainability.
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1. Introduction


Conservation agriculture (CA) is defined as the combination of three principles: minimum soil disturbance, permanent soil organic cover and species diversification [1]. In addition to reduced management costs, CA is considered to enhance several ecosystem services (soil physical and chemical properties, soil organic carbon (SOC) and biodiversity) [2,3] and prevent some soil threats, such as soil erosion [4,5,6]. Although some of these benefits remain less clear, the worldwide adoption of CA grew to 12.5% of 2016 global cropland. At odds with this growth trend, there is Europe, where only 5% of total cropland is managed with CA. One country that has shown particularly limited adoption is Italy—less than 300,000 ha (a mere 2% of agricultural land) [7].



Adoption of CA has suffered slow adoption in Europe primarily due to the long transition time that follows conversion from conventional agriculture to CA before the positive effects are realized. During this crucial period, farmers face reduced crop yield and new equipment expenditures. Conversion to CA also requires a permanent soil covering, yet another cost that would benefit from economic support [8]. A key reason behind the very limited use of CA in Italian agrosystems is the long conversion time (more than five years) required before SOC, fertility and nutrient use efficiency benefits are observed [9,10]. Most studies have considered transition time only as a function of a single parameter, such as soil physical properties [11,12], yield [13,14,15,16], net SOC stock [17,18], soil aggregate stability, biodiversity, SOC content [19,20], earthworm density, or CO2 emission reduction [21]. However, each of these exerts an effect on CA. As such, we suggest that a holistic approach capable of considering multiple parameters may provide a better means by which to evaluate the effects of CA.



The ecosystem services delivered by CA justify the need for environmentally conscious policymakers to consider economic support of the practice through a program such as the “green payments” program already established in the EU Common Agricultural Policy [22]. Alternatively, yield losses and/or other negative effects could be limited or compensated in some fashion. In either case, programs such as these are effective only when the protocol created is adaptable to local area specifics but is assessable by a single, consistent set of criteria. As is often described in the literature, an index represents one way to determine and compare the impact of different management strategies [23,24]. Similarly, the literature has already identified potential soil quality indicators to comprise an index: physical soil property measures (soil hydraulics, penetration resistance and bulk density) [25,26] plus soil aggregate stability [27], soil C and N content and earthworm density [28]. Masto et al. [29] previously adopted a statistical methodology to determine the impact of different management strategies on soil quality and sustainability using a dataset with several soil characteristics, as reported above. The method involved the application of a principal component analysis (PCA) to derive the weight of the different soil parameters in promoting the sustainability. The derived index showed to be a reliable tool to assess the performance and impacts of alternative land uses and soil management options [23].



In this work, three tillage systems (no tillage, minimum tillage and conventional tillage) were combined with three different soil coverings (tillage radish cover crop, winter wheat cover crop and bare soil) to compare the effects of the main factors influencing CA. A multivariate approach was applied to a dataset of soil quality measures taken during a north Italy field experiment. A sustainability index was calculated to compare different treatment combinations as a function of the selected indicator variability. This study aims to determine the short-term effects of reduced tillage and cover crops on the studied parameters. Our starting hypothesis was that a reduced tillage system combined with tillage radish could minimize conversion time side effects and improve soil properties.




2. Materials and Methods


2.1. Experimental Design


The experiment took place at the Lucio Toniolo Experimental Farm, located in Legnaro, PD (NE Italy, 45°21 N; 11°58 E; 6 m a.s.l.). The climate is sub-humid with average temperatures between −1.5 °C in January and 27.2 °C in July. Rainfalls reaches 850 mm annually. The reference evapotranspiration of 945 mm exceeds rainfalls from April to September. The highest rainfalls occur in June (100 m) and October (90 mm), while winter is the driest season, with average rainfalls of 55 mm. The shallow water table ranges in depth from 0.5 to 2 m, with the lowest values recorded in summer.



This three-year study began in spring 2018 and it was designed as a split plot, with two replicates located in a flat area of the Po valley with a maximum slope < 1%. An area of 2 ha was divided into 18 plots, each of 1111 m2. The soil at the site was Fluvi-Calcaric Cambisol [30] with a silt loam texture (25% clay, 50% silt and 25% sand), pH 7.8, 27.1% total carbonate content, <1% soil organic carbon and <0.1% total nitrogen. The main factor was tillage intensity; conventional tillage (CT) was ploughed to a depth of 30 cm and then harrowed to 15 cm; minimum tillage (MT) was tilled with a harrow to a depth of 15 cm; no tillage (NT) was sod seeded with a zero-tillage seeder that included double disks for furrow openers and press wheels for soil firming. Within each main plot, three winter soil coverings were randomized: tillage radish (TR—Raphanus sativus L.), winter wheat (WW—Triticum aestivum L.) and bare soil (BS), where only residues from the previous year crop were present. Cover crops were seeded on residues from the main crop (always maize, Zea mays L.) in autumn 2018 and 2019.




2.2. Field Surveys


According to what already reported by other authors [25,26,27,28], we chose 11 parameters to monitor changes in the condition of the soil: (1) aggregate stability (Agg), (2) bulk density (BD), (3) soil organic carbon (C org), (4) total nitrogen (N tot), (5) gravimetric water content (GWC), (6) penetration resistance (PR), (7) saturated hydraulic conductivity (Ks), (8) earthworm density (EW), (9) mineral nitrogen (N min), (10) pH and (11) cash crop yield (Y) (Table 1). Each parameter was measured at two times. The first measurement was taken immediately after treatment combination adoption (T0) and the second measurement was taken at the end of the three-year period (T1). The method for determination of the measure of each parameter is fully described below.



A continuous value of Agg was determined. The Slakes application [27,31] was employed to soil aggregates in the 0.2–2 cm fraction sampled from the 0–20 cm soil layer. Three randomly selected aggregates from each sample were analyzed to produce a dimensionless slaking index (SI) with a value ≥ 0. A low SI (<3) represents high aggregate stability, an SI between 3 and 7 indicates moderate stability and an SI above 7 indicates that the aggregates have low stability. The SI was calculated as the difference between the wet aggregate area (At) after 10 min of water saturation and the dry aggregate area (At0), divided by At0, as shown in Equation (1).


  S I =    A t  −  A  t 0      A  t 0      



(1)







The BD was measured in the 0–30 cm soil profile with the core method as described in Grossman and Reinsch [32]. In the studied soil, a BD value of 1.55 g cm−3 was considered a limiting condition to the growth of plant roots [33].



The C org and N tot contents were determined from shallow layer (0–30 cm) samples. The soil was air-dried and sieved at 0.5 mm and the inorganic carbon was removed with an acid pre-treatment. Subsequently, SOC and N tot were determined with flash combustion using a CNS Elemental analyzer (Vario Max; Analysensysteme GmbH, Langenselbold, Germany).



Four sampling areas were selected in each plot for GWC and PR measurements. For the PR, the measures were taken from the 0–20 cm layer and an average PR value was calculated. In each sampling area, a disturbed soil core was collected, weighted and oven-dried at 105 °C to determine the GWC. For the PR, the measures were taken in each plot with the Penetrologger (Eijkelkamp, Giesbeek, The Netherland). A PR value above 2.5 MPa was considered a limiting factor to plant root growth [34].



The Ks [35] was determined using the double-ring infiltrometer method [36]. An inner ring of 60 cm in diameter was used to measure both the row and inter-row areas in the tillage radish plots. The water within the inner ring was maintained at two levels. As one operator measured the time for the water to reach the lower level from the upper level, another added more water to reach the upper level again. This operation was replicated until the infiltration rate was constant. Meanwhile, the water in the external ring was suspended at an average value between the two levels of the inner ring. Then, the data were analyzed by fitting Philip’s equations [37] with the Solver Add-in for Microsoft Excel.


  i  ( t )  = S ×  t  1 / 2   + A t  



(2)






  v  ( t )  =     S × t  2    − 1 / 2   + A  



(3)




where i(t) is the water infiltration (m) and v(t) is the infiltration rate (m s−1) expressed as a function of time. Parameters S and A were calculated with the Solver add-in by minimizing the square difference between predicted and observed i(t) and v(t). The Ks was calculated as below and m is a constant equal to 2/3.


  K s =  A m   



(4)







The EW was measured with a mustard extraction as described by Valckx et al. [38]. The measure was performed by taking an earthworm extraction from the soil surface using a water-suspended mustard in a 25 × 25 cm2 frame [38]. First, we used the number of extracted earthworms to score soil quality [39]. A density of <4 was the lowest score or of “poor” soil condition, a density of 4–8 was “moderate” soil condition and the highest density (>8) was “good” soil condition. Then, the earthworm count was compared amongst the different treatment combinations.



We estimated N min based on samples of the 0–20 cm soil layer. Concentrations of ammonium, nitrite and nitrate were measured using a KCl extraction followed by photometry, as described by García-Robledo et al. [40].



Soil pH was determined from air dried, mixed and sieved (0.5 mm) samples taken from the 0–20 cm soil layer. The pH was measured in a 1 M KCl solution (1:2.5 solid–liquid ratio) [41].



At the end of the cropping season, four biomass samples were collected from each subplot to determine maize grain Y at 27% grain moisture. After the harvest, a grain sample was oven dried at 105 °C until it maintained a constant weight to determine the dry mass weight. The Y was expressed in kilogram of dry grain per hectare.




2.3. Data Analyses and Statistics


First, a mixed-effects model was constructed using tillage, covering and their interactions in each monitored year. These effects were treated as fixed effects and the block effects as random. Post hoc pairwise comparisons of least-squares means were performed, using Tukey’s method to adjust for multiple comparisons, with a p < 0.05.



To calculate a soil quality index, we relied on the method of Masto et al. [23,29]. The procedure requires that indicators be selected once they have been surveyed and normalized with linear or non-linear scoring functions, so that higher scores represent better-performing observations. The indicators and their weights were determined using the multivariate analysis method of Andrews et al. [42,43], which has been adapted and applied to many studies evaluating long-term practices [23,29], combinations of various crop rotations under different residue managements [44,45] and different tillage practices [46].



The sampled data were normalized with a linear scoring function [23] by applying Equations (5)–(7).


  S =    x  i j   −  x  i   m i n      x  i   m a x   −  x  i   m i n      



(5)






  S = −    x  i j   −  x  i   m a x      x  i   m a x   −  x  i   m i n      



(6)






  S =   |  x  i j   − 7 |      |   x  i     − 7  |    m a x   −    |   x  i     − 7  |    m i n      



(7)




where xi max is the maximum value measured during the i parameter survey and xi min is the smallest. The S value ranges between 0 and 1, which corresponds to the minimum and maximum values, respectively, observed in the i parameter. Equation (5) was used as a “more is better” scoring function for C org, GWC, Ks, EW, N min, N tot and Y. Alternatively, the parameters Agg, BD and PR were scored with Equation (6), according to a “less is better” approach. Finally, Equation (7) was used for pH scoring. In this way, treatment combinations that most favorably impacted the parameters scored highest.



The Relative Sustainability Index (RSI) was calculated as the sum of the observed parameter score, weighted with principal component analysis weighting factors (PWs). These factors were calculated according to Masto et al. [23], by selecting principal components (PCs) explaining at least 10% of the variability. Within each of these PCs, loaded factors (values > |0.2|) were selected and their correlations were measured [43]. In cases in which r > |0.8|, only the factor with the highest load was used for RSI calculation, together with all the other uncorrelated highly loaded factors. The percentage of variation explained by each PC provided the PW. The RSI was calculated with Equation (8).


  R S I =  ∑  i = 1  n  P  W i  ×  S i   



(8)







To normalize the RSI, this was divided by the highest RSI value obtained. A total of 36 RSIs were calculated, one per treatment combination replication in survey T0 and another in T1.



RSI differences amongst tillage, soil covering and their interaction were tested with mixed models and the model with the smallest Akaike’s Information Criterion (AIC) was selected [47]. Post hoc pairwise comparisons of least-squares means were performed using Tukey’s method to adjust for multiple comparisons, with a p < 0.05. The statistical analyses were performed using Microsoft Excel 2016, ClustVis [48] and SAS (SAS Institute Inc., Cary, NC, USA), version 5.1.





3. Results


Below is a description of the mixed model results comparing changes in the 11 indicators of soil quality under the tested treatments over time (Table 2). Table 3 reports the average 2019 and 2020 values used to calculate RSIs.



All values of Agg, GWC and pH were significantly higher at T0 than at T1. Overall, average Agg was higher at T0 (4.50) than at T1 (3.19) and was characterized as of high-to-moderate stability, according to the SI range (0.3–6.1). At T0, all aggregate samples, except one, were of moderate stability (>3). The exception sample value, collected from treatment combination MT–BS, was 2.9. During the T1 survey, 44% of the observations were <3 (high aggregate stability) and the lowest values found in the reduced tillage systems (NT and MT). The measures of the GWC were strictly related to the pedoclimatic conditions on the sampling dates, with the GWC ranging from 20% to 25% in 2019 and from 12% to 22% in 2020. Cover crop treatments showed significant effects on GWC, as demonstrated by values of 18.3% in TR and 20.3% in WW, while BS had an intermediate value. Despite the significantly lower pH values at T0 versus T1, the pH values maintained non-critical averages (7.36 in T0 and 7.05 in T1).



Between survey T0 and T1, the N tot, PR and Ks all increased significantly. The N tot rose from 0.88‰ at T0 to 1.01‰ at T1. During each survey, the N tot maintained a modest variability, as indicated by the coefficients of variation at T0 (0.26) and T1 (0.13). The PR test values differed from an average of 0.70 MPa in T0 to an average of 1.34 MPa in T1. In the second survey, the PR was not only significantly higher, but also more variable than it was in T0; all of the PR observations across both surveys registered below the 2.5 MPa threshold. The PR differences occurred among the differing tillage systems. Specifically, CT reported a PR of 0.88 MPa, which proved to be significantly higher than the 1.18 MPa observed under NT. The PR result under MT was intermediate. Last, the Ks increased by 158% between T0 (3.4 × 10−5 m s−1) and T1 (8.7 × 10−5 m s−1). This parameter showed it was also significantly impacted by different tillage intensities, as shown by the average Ks values of 1.05 × 10−4 m s−1 in NT, 3.58 × 10−5 m s−1 in CT and an intermediate value in MT.



The parameters BD and EW were affected by the time × tillage interaction. Despite a generally limited effect on the BD across the various treatments, the average BD under CT was lower during the first survey (1.39 g cm−3) versus the second survey (1.45 g cm−3). All measures of BD were less than its 1.55 g cm−3 threshold. In the case of EW, variability was higher; it ranged between 0 and 20 (Table 3). Among the treatments, during T1, the EW differences were, on average, significantly higher (13.17) under NT than under CT (3.00).



The C org, Y and N min parameters resulted as unaffected by all factors tested. On average, the C org was 0.83% and displayed only a modest variability within and between the surveys. Similarly, Y (10.00 Mg ha−1, on average) and N min (24.54 mg kg−1, on average) showed no significance among the treatment combinations in the different surveys.



The values presented in Table 3 were normalized. The average of each treatment combination is presented in Figure 1 (biochemical parameters) and Figure 2 (physical parameters). Normalization allows higher values to be associated with parameter improvement and wider areas to represent an overall sustainability increment.



Figure 1 and Figure 2 show sizeable differences between the treatment combinations and two years. The correlation matrix between each parameter pair is shown in Table 4. As expected, the highest correlation resulted between the C org and N tot (r = 0.924). To identify which of these highly-correlated parameters could best explain treatment variation—and warrant inclusion in the RSI—we performed a principal component analysis (PCA).



Table 5 presents the PCA results. Each parameter was weighted according to the treatment variation it explained based on the PC selected.



The parameters selected in PC-1 were N tot, GWC, Ks and EW. It showed that the N tot should be included in the RSI because it had the highest weight and it was highly correlated to the C org. In PC-2, the highly weighted parameters BD, PR and Y were all included in the RSI as they showed limited correlation amongst them. In PC-3, the Agg and N min were selected and, in PC-4, the pH was chosen. The PW of each parameter equals the variability explained by the PC selected for that specific factor (0.241 for PC-1, 0.149 for PC-2, 0.135 for PC-3 and 0.117 for PC-4). To normalize the RSI, the sum of the weighted parameters was divided by the highest sum of the weighted parameters reported across all observations (1.247). The value was reported under NT–WW (block 1) during the survey T0. The lowest value (0.358) was under CT–TR (block 2) in T1. Then, the resulting RSI was expressed by Equation (9).


  R S I =   0.135 A g g + 0.149 B D + 0.241 E W + 0.241 G W C + 0.241 K s + 0.135 N min + 0.241 N   t o t + 0.117 p H + 0.149 P R + 0.149 Y   1.247    



(9)







Then, mixed models were calculated on RSI values, considering the combination of tillage and CC effects. The smallest AIC for the RSI linear mixed model was obtained when intercept, tillage and covering were tested as fixed factors and block was a random factor. Table 6 summarizes the p-values for the selected mixed model.



Figure 3 displays the average RSIs and corresponding contribution from each parameter to it under each treatment. On average, the GWC (0.09) and N tot (0.13) impacted the RSI the most. During T1, their highest scores were in NT (GWC = 0.10 and N tot = 0.13.) Observations of the Ks and EW were notable in that they contributed little to the RSI, yet they were high variable across treatments. During T1, the Ks averaged 0.08 under NT, which was three-fold the value observed under MT (0.03) or CT (0.02). Similarly, the EW averaged 0.13 in NT, which was double that in MT (0.06) and four-fold the value observed in CT (0.03).



No clear effect was observed for the soil covering treatment in either year and no statistical difference was found. During both years under TR, the minimum RSI was always reached (0.604 in 2019 and 0.583 in 2020). Higher values were recorded for coverings WW in 2019 and BS in 2020 (Figure 4).




4. Discussion


In total, 8 of the 11 parameters revealed significant differences between T0 and T1, which suggests that the soil system was changing regardless of the agronomic management applied. One potential cause of these results may be attributed to differences in the environmental conditions at T0 and T1. The GWC was found to be affected by CC. For those who have considered the effects of CC on water cycle, the results have been contradictory. Some have found CC to improve water balance and water availability [49], while others have reported soil water reduction in the subsequent crop after CC termination [50]. Our results, where under WW, the GWC was high and, under TR, the GWC was at its lowest, are also mixed. In both instances, the results can be equally attributed to either better maintenance of soil water content by WW, or higher soil evaporation under TR, due to a lesser soil covering.



The different tillage systems seemed to have a stronger impact, especially on some parameters (BD, PR, Ks and EW), if compared to the CC effect. For example, under CT, the BD and PR values aligned with previous evidence that reduced tillage systems can increase soil strength and bulk density, especially in the first years [51]. The reduced BD and PR values were expected tillage effects under CT, given that that they were measured in the 0–20 cm soil layer. This result may also relate to instrument resolution; the PR can be negatively impacted by the high spatial variability in reduced tillage systems [52]. However, in this instance, the BD almost always remained below its threshold (1.55 g cm−3) for which it is known to limit plant root growth in silty loam soils [33]. Similarly, the PR values (0.46–1.96 MPa) fell well below the growth-limiting threshold usually set at 2.5 MPa [34]. Finally, the soil at the experimental site was characterized as having structural inertia in response to management changes [53,54,55].



Although the BD and PR values worsened slightly (i.e., soil strength increased) under reduced tillage systems, soil function was improved in NT, as evidenced by an increase of 193% in the Ks under NT relative to CT during T1. The highest EW value observed in this study may relate to the significant contributions made by earthworm bio-macropores to soil function and, in particular, air and water permeability, even in compacted soils. Earthworms can improve soil structure [56] and hydraulic properties [57] by burrowing and casting. The positive effects of NT on the EW confirm previous studies evidence [9,21,28].



The computation of the RSI highlighted the strong effect of the EW as it carried a high relative weight (11%, on average) within the index. It also showed a high variability among the different treatments. Additional parameters that averaged high impact on the RSI were the N tot (17%), GWC, (14%) and PR (11%), which, together, accounted for more than 50% of the RSI. In addition to the EW, RSI variability was driven by the Ks, N min and Y. In absolute terms, the Ks, N min and Y each had impacts of less than 10% on the RSI, but their variation coefficients ranged the highest (from 0.67 for the Ks to 0.31 for the Y). These two conditions suggest that this set of measures should be considered as the best to indicate soil quality changes during the conversion from conventional tillage to CA. The RSI results also suggest that the Ks and EW are two sustainability indicators that were positively affected by NT.



The final RSI score evaluates the combination of tillage intensity and soil covering with an holistic approach [58]. It showed the positive effect of NT relative to conventional tillage, even in the short term. Midway between the effects of CT and NT lay the MT system. It mitigated the negative effects on some physical parameters but lessened the improvements of biological parameters (EW). According to Issaka et al. [59], both the minimum and no-tillage systems resulted as sustainable techniques, considering the nutrient cycles. As opposed to other studies [9,10,54], clear negative effects during the transition time were not detected during this three-year experiment.



The limited differences reported for the various soil coverings may be evidence that a CC effect was masked by the strong effects of reduced tillage systems combined with the sampling methods used. It may be that longer conversion times or different sampling methods are required for CC effects to be revealed [60]. Even in the case of BS, a partial and spontaneous covering (weeds) may impact soil properties in a way not unlike that expected with CCs. Indeed, “spontaneous CCs” have provided ecosystem services [61,62,63,64,65]. In the presence of plant residues, microbial diversity [66] could improve to the point where it should even be considered an environmental sustainability indicator [67].



From another perspective, the modest TR effect could relate to sample timing. Most TR-related benefits (improved porosity and pore connectivity) occur only when taproots are degraded. At the same time, reports of short-term tillage radish benefits exist [68,69], although it seems that longer timespans are necessary to exploit the benefits of TR on soil properties [10]. The bio-tillage effect, which was expected from TR, as suggested by Zhang et al. [70], could be masked by earthworm activity in NT treatments, irrespectively from the presence of TR. The high EW values observed under NT could have performed this bio-tillage effect, which, according to the authors, could replace conventional tillage.



Then, even if the WW fibrous root apparatus had a limited impact on soil structure, many Poaceae CC improved overall system sustainability [71,72] and aggregate stability [49,65,73], or nutrient cycles [74,75,76]. The combination of grass CC and reduced tillage systems proved to positively affect environmental sustainability, fostering biodiversity [77] and soil organic carbon [78].



In conclusion, to correctly evaluate the CA effect, especially on the soil system, a holistic approach should be preferred to consider both the effects on crop production and on soil physics, considering different soil function at different scales.




5. Conclusions


A multivariate analysis of selected sustainability indicators revealed a positive effect of reduced tillage systems management and in particular NT, despite the limited variation in the observed parameters.



Despite the short-term nature of the experiment, this positive result could be the effect of an increase in soil fauna activity, which could have contributed to soil structure improvement. As a consequence, NT seemed to impact soil physics and soil habitability, resulting in a significantly higher RSI value. The effect of CC was limited, but WW reported the best results in the short term, with a tendency to have higher RSI values.



Collectively, the combination of NT and WW can be considered the most promising in terms of sustainability improvement. In this study, only the short-term effect of different tillage and soil cover management results were reported. Therefore, longer-term experiments could better evaluate the effects of these management systems on some parameters, such as soil organic carbon, which have a wide impact on sustainability, yet vary little in the short term.



In conclusion, to correctly evaluate the CA effect, especially on the soil system, a holistic approach should be preferred to consider both the effects on crop production and on soil physics, considering different soil functions at different scales.
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Figure 1. Biochemical parameter scores with average values in treatment combinations at T0 and T1 surveys (C org—soil organic carbon; N tot—soil total nitrogen; EW—earthworm density; N min—mineral nitrogen; Y—yield; BS—bare soil; TR—tillage radish; WW—winter wheat; CT—conventional tillage; MT—minimum tillage; NT—no tillage). 
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[image: Land 11 00055 g001]







[image: Land 11 00055 g002 550] 





Figure 2. Physical parameter scores with average values in treatment combinations in T0 and T1 surveys (Agg—aggregate stability; BD—bulk density; GWC—gravimetric water content; PR—penetration resistance; Ks—saturated hydraulic conductivity; BS—bare soil; TR—tillage radish; WW—winter wheat; CT—conventional tillage; MT—minimum tillage; NT—no tillage). 
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Figure 3. Average RSIs and the contribution of each parameter under different tillage systems in different years. Agg—aggregate stability; BD—bulk density; GWC—gravimetric water content; Ks—saturated hydraulic conductivity; PR—penetration resistance; EW—earthworm density; N min—mineral nitrogen; N tot—soil total nitrogen; Y—yield; CT—conventional tillage; MT—minimum tillage; NT—no tillage. Different letters represent significant differences of the global treatment RSI at p < 0.05. 
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Figure 4. Average RSI values for different soil coverings in different years. BS—bare soil; TR—tillage radish; WW—winter wheat. Agg—aggregate stability; BD—bulk density; GWC—gravimetric water content; Ks—saturated hydraulic conductivity; PR—penetration resistance; EW—earthworm density; N min—mineral nitrogen; N tot—soil total nitrogen; Y—yield; CT—conventional tillage; MT—minimum tillage; NT—no tillage. Different letters represent significant differences of the global treatment RSI at p < 0.05. 
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Table 1. Soil parameters used for building the sustainability index.
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	Soil Characteristic
	Acronym
	Used Method





	Aggregate stability
	Agg
	Slakes application



	Bulk density
	BD
	Core method



	Soil organic carbon
	C org
	CNS Elemental analyzer



	Total nitrogen
	N tot
	CNS Elemental analyzer



	Gravimetric water content
	GWC
	Oven-dried at 105 °C



	Penetration resistance
	PR
	Penetrologger



	Saturated hydraulic conductivity
	Ks
	Infiltrometer method



	Earthworm density
	EW
	Mustard extraction



	Mineral nitrogen
	N min
	Photometry



	pH
	pH
	1 M KCl solution



	Cash crop yield
	Y
	Oven-dried at 105 °C
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Table 2. Comparison of p-values among the linear mixed-effect model analysis of observed parameters (Agg—aggregate stability; BD—bulk density; C org—soil organic carbon; N tot—soil total nitrogen; GWC—gravimetric water content; PR—penetration resistance; Ks—saturated hydraulic conductivity; EW—earthworm density; N min—mineral nitrogen; Y—yield, CC—cover crop).
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	Time
	Tillage
	CC
	Time × Till
	Time × CC
	Till × CC
	Time × Till × CC





	Agg
	0.001 **
	0.111
	0.831
	0.928
	0.507
	0.227
	0.112



	BD
	0.155
	0.663
	0.529
	0.043 *
	0.469
	0.672
	0.536



	C org
	0.715
	0.633
	0.99
	0.35
	0.768
	0.778
	0.882



	N tot
	0.052
	0.188
	0.87
	0.192
	0.545
	0.766
	0.566



	GWC
	<0.001 ***
	0.255
	0.03 *
	0.443
	0.808
	0.677
	0.915



	PR
	<0.001 ***
	0.004 **
	0.635
	0.334
	0.815
	0.724
	0.877



	Ks
	0.034 *
	0.046 *
	0.187
	0.39
	0.564
	0.252
	0.68



	EW
	0.389
	0.126
	0.104
	0.006 **
	0.199
	0.161
	0.796



	N min
	0.451
	0.906
	0.615
	0.169
	0.589
	0.343
	0.501



	pH
	<0.001 ***
	0.159
	0.982
	0.551
	0.612
	0.867
	0.97



	Y
	0.84
	0.904
	0.68
	0.76
	0.378
	0.648
	0.589







*, ** and *** mean p < 0.05, <0.01 and <0.001, respectively.
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Table 3. Descriptive statistics of studied parameters for T0 and T1 surveys (Agg—aggregate stability; BD—bulk density; C org—soil organic carbon; N tot—soil total nitrogen; GWC—gravimetric water content; PR—penetration resistance; Ks—saturated hydraulic conductivity; EW—earthworm density; N min—mineral nitrogen; St. Dev.—standard deviation; Var. Coef.—coefficient of variation).
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Survey

	
Parameter

	
Unit

	
Min

	
Max

	
Mean

	
St. Dev.

	
Var. Coef.






	
T0

	
Agg

	
-

	
2.90

	
6.10

	
4.50

	
0.92

	
0.20




	
BD

	
g cm−3

	
1.32

	
1.54

	
1.43

	
0.05

	
0.04




	
C org

	
%

	
0.64

	
1.07

	
0.83

	
0.12

	
0.14




	
N tot

	
‰

	
0.08

	
1.09

	
0.88

	
0.23

	
0.26




	
GWC

	
%

	
20

	
25

	
23

	
1

	
0.06




	
PR

	
MPa

	
0.46

	
1.05

	
0.70

	
0.14

	
0.21




	
Ks

	
m s−1

	
6.7 × 10−6

	
1.7 × 10−4

	
3.4 × 10−5

	
3.9 × 10−5

	
1.15




	
EW

	
n m−2

	
0.00

	
16.00

	
6.17

	
4.69

	
0.76




	
N min

	
mg kg−1

	
12.85

	
46.90

	
22.97

	
8.91

	
0.39




	
pH

	
-

	
7.22

	
7.49

	
7.36

	
0.06

	
0.008




	
Yield

	
Mg ha−1

	
5.41

	
12.36

	
9.96

	
1.62

	
0.16




	
T1

	
Agg

	
-

	
0.30

	
5.20

	
3.19

	
1.25

	
0.39




	
BD

	
g cm−3

	
1.36

	
1.56

	
1.46

	
0.06

	
0.04




	
C org

	
%

	
0.63

	
1.01

	
0.82

	
0.11

	
0.13




	
N tot

	
‰

	
0.74

	
1.21

	
1.01

	
0.13

	
0.13




	
GWC

	
%

	
12

	
22

	
16

	
2

	
0.13




	
PR

	
MPa

	
0.96

	
1.96

	
1.34

	
0.25

	
0.19




	
Ks

	
m s−1

	
8.2 × 10−6

	
3.6 × 10−4

	
8.7 × 10−5

	
1.0 × 10−4

	
1.16




	
EW

	
n m−2

	
0.00

	
20.00

	
7.44

	
6.21

	
0.83




	
N min

	
mg kg−1

	
6.49

	
53.41

	
26.11

	
14.37

	
0.55




	
pH

	
-

	
6.93

	
7.22

	
7.05

	
0.08

	
0.01




	
Yield

	
Mg ha−1

	
9.28

	
11.09

	
10.04

	
0.55

	
0.05
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Table 4. Correlation among the parameters. Boldface indicates highly-correlated values (r > 0.8). (Agg—aggregate stability; BD—bulk density; C org—soil organic carbon; N tot—soil total nitrogen; GWC—gravimetric water content; PR—penetration resistance; Ks—saturated hydraulic conductivity; EW—earthworm density; N min—mineral nitrogen).
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	Agg
	BD
	C Org
	EW
	GWC
	Ks
	N Min
	N Tot
	pH
	PR
	Y





	Agg
	1
	
	
	
	
	
	
	
	
	
	



	BD
	−0.009
	1
	
	
	
	
	
	
	
	
	



	C org
	−0.131
	0.187
	1
	
	
	
	
	
	
	
	



	EW
	−0.274
	0.234
	0.033
	1
	
	
	
	
	
	
	



	GWC
	−0.152
	0.299
	0.340
	0.175
	1
	
	
	
	
	
	



	Ks
	0.032
	0.007
	0.256
	0.310
	0.344
	1
	
	
	
	
	



	N min
	0.385
	0.091
	−0.134
	−0.153
	−0.150
	−0.037
	1
	
	
	
	



	N tot
	−0.165
	0.100
	0.924
	0.038
	0.328
	0.293
	−0.022
	1
	
	
	



	pH
	−0.091
	−0.038
	0.000
	−0.069
	0.115
	0.100
	0.182
	−0.086
	1
	
	



	PR
	0.038
	0.130
	−0.203
	−0.271
	0.012
	−0.469
	−0.154
	−0.284
	−0.039
	1
	



	Y
	−0.043
	−0.119
	0.009
	0.104
	−0.182
	0.144
	−0.088
	0.024
	−0.037
	−0.332
	1
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Table 5. Results of principal component analysis under different treatment combination in different years. Bolded factor loads were considered as high. Bolded and underlined factor loads determined for each variable were those the PC considered in the RSI calculation. The weighting factor (PW) for each variable was equal to the variation explained by the PC selected (Agg—aggregate stability; BD—bulk density; C org—soil organic carbon; N tot—soil total nitrogen; GWC—gravimetric water content; PR—penetration resistance; Ks—saturated hydraulic conductivity; EW—earthworm density; N min—mineral nitrogen).
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	Principal Components
	PC-1
	PC-2
	PC-3
	PC-4





	Variation
	0.241
	0.149
	0.135
	0.117



	Cumulative variation
	0.241
	0.389
	0.525
	0.642



	Agg
	0.196
	−0.134
	0.536
	−0.062



	BD
	0.153
	−0.355
	−0.072
	0.420



	C org
	0.498
	−0.168
	−0.222
	−0.334



	EW
	0.248
	0.131
	0.403
	0.441



	GWC
	0.355
	−0.326
	−0.018
	0.302



	Ks
	0.378
	0.304
	−0.057
	0.277



	N min
	−0.124
	0.176
	−0.601
	0.265



	N tot
	0.504
	−0.097
	−0.244
	−0.357



	pH
	0.010
	0.046
	−0.169
	0.338



	PR
	−0.291
	−0.563
	0.073
	−0.056



	Y
	0.079
	0.502
	0.196
	−0.174
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Table 6. Linear mixed model analysis of RSI output.
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T0

	
T1




	
Effect

	
F

	
p

	

	
F

	
p

	






	
Intercept

	
75.81

	
<0.001

	
***

	
81.27

	
<0.001

	
***




	
Tillage

	
0.20

	
0.823

	

	
5.57

	
0.019

	
*




	
Covering

	
2.48

	
0.125

	

	
2.88

	
0.095

	








* and *** mean p < 0.05 and <0.001, respectively.
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