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Abstract

:

In many regions, conservation tillage has been shown to contribute to preserving soil properties. However, in order to promote this practice in new areas, it is necessary to generate information about its results in local environmental conditions. Our objective was to study the effect of No Tillage (NT), Vertical Tillage (VT) and Conventional Tillage (CT) on physical soil properties of a clay loam soil and on yields (Avena sativa L.), in a semiarid area of Mexico. From 2013 to 2016 an experiment was conducted in random blocks, with the three tillage systems as treatments. Four variables were measured; bulk density (Bd), pore space (P), hydraulic conductivity (Ks) and crop yield. Our results did show scarce differences between the tillage systems. Values ranged between 1.21 g cm−3 to 1.39 g cm−3 for Bd, 45% to 55% for P, and 4.29 mm h−1 to 13.61 mm h−1 for Ks. Although differences were not significant among treatments, Bd decreased 6.7% for CT, 5.6% for NT and 0.7% for VT. P increased 6% for CT, 5% for NT and 0.5% for VT. Ks for CT decreased 6% more than for NT and VT. Average yield was 13% less in NT compared to CT and VT. A long-term investigation is needed in order to determine the effects of tillage methods, in our particular environmental conditions.
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1. Introduction


The soil has a crucial role in agroecosystems; among the most important functions of the soil are to capture, store, and regulate water [1]. To preserve the integrity of the soil, water and biodiversity, crop production practices used in the agroecosystems should be oriented towards resource conservation [2].



Inadequate tillage practices of some crop production systems in Mexico leave the soil prone to erosion and the intensive traffic by the machinery causes an increase in soil density [3,4]. An increase in soil density could lead to degradation by compaction; when this occurs there is a problem for agricultural productivity [5,6]. Compaction also affects the hydraulic conductivity, which is an important factor in predicting the water flow and solute transport in the soil. The information on this factor is used to evaluate management alternatives of soil-water-crop [7].



The aim of tillage in crop production is to produce favorable physical conditions for seed germination and plant growth [8]. However, an intensive soil tillage can lead to degradation of soil structure, due to the gradual loss of stable aggregates, leading to soil erosion and compaction, which will result in low moisture availability for plants [9].



To promote the capture and conservation of water in agricultural systems in arid and semiarid regions, conservation tillage practices are important, in that they can contribute to avoiding soil degradation by compaction [10,11]. Vertical tillage with tine-type implements and no tillage with direct planters, do not invert the soil and leave crop residues on the surface [12]. These types of conservation tillage decrease the intensity and frequency of soil disturbance, compared with conventional tillage [13]. In some regions and soil conditions, different tillage methods have shown a great range of results with respect to bulk density and hydraulic conductivity of the soil [14,15].



Results on the effect of tillage in soil physical properties, to date, have been rather ambiguous, and sometimes contradictory. In some cases, in Latin America and Spain, no tillage results in high bulk density values in the surface, low infiltration rates, and less crop yield, compared with conventional tillage [16,17]. In another study, bulk density, in a loamy soil in a semiarid region with a cool climate in Turkey, increased significantly after 12 years of no tillage [18]. On the other hand, a site managed with no tillage for nine years in a silty loam soil in China resulted in a decrease of the bulk density and a significant increase of infiltration capacity. In this case, the improvement in soil physical conditions was due to an increase in the formation of macro aggregates, which was attributed to decreased soil disturbance and the addition of crop residues [19].



Conventional tillage can change significantly the soil physical properties within a growing season. For example, one experiment in France with conventional tillage shows bulk density increasing 15% to 20% from its initial value in a growing season of maize. The study also showed that the hydraulic conductivity decreased three to six times, according to the soil layer, and was negatively correlated with the bulk density [20]. In the case of no tillage, changes in soil properties are observed only after several years. In a study of a sandy loam soil with a monoculture of maize in Canada, over a period of 11 years, bulk density in a no tillage system increased only 10% at a depth of 0 to 10 cm compared to conventional tillage [21].



A bulk density in a range of 1.4 to 1.6 g cm−3 was found that severely restricted root growth [22]. However, this does not always happen. A high root density of wheat was obtained in Australia in a compacted sandy loam soil (1.5 g cm−3), rather than in a loose soil (1.1 g cm−3). This was due to a better contact between the soil and roots, and also, root diameter was greater in the condition of the high bulk density [23]. In a different study in the UK, the root growth of tomatoes was greater in a clay loam soil with high bulk densities of 1.5 to 1.6 g cm−3, than in densities of 1.2 and 1.3 g cm−3, considered with no restriction for root growth [24].



With respect to the hydraulic properties of the soils, it is well-known that the variability of the hydraulic conductivity in space and time is not fully understood [25]. The hydraulic properties of the soils are subject to temporal changes in response to tillage and natural factors such as rainfall, increase and decrease of biological activity, root development, and the cycle of drying and wetting [26].



Results in hydraulic conductivity depend on the management, i.e., the type of tillage and spatial variability of the soil, and also, on the sampling technique [27]. In one study, the rate of hydraulic conductivity was three times higher in a loam soil, after subsoiling and chiseling, compared to no tillage in a semiarid environment in Spain [28]. In another study in France, after seven years of conventional tillage and no tillage in a loam soil of temperate climate, the hydraulic conductivity was from 12% to 62% lower in the no tillage treatment [29].



The conventional tillage system based on disk plowing and disk harrowing has been common in Mexico for several decades. This has led to a loss of soil fertility and reduction of soil water holding capacity and soil structural stability, by facilitating erosion by water and wind [30]. The conservation tillage practices to be introduced in a particular region, should be carefully managed according to the particular soils and climates [31]. It is necessary to have more research to determine the effects of the conservation tillage methods on the physical and hydraulic properties in different soils and agroecological conditions [32,33].



While conservation tillage has been promoted in Mexico, there is scarce information about the results of these practices in the arid and semiarid areas of the country. The objective of this research was to quantify the effects of three tillage systems on the bulk density, pore space, and field saturated hydraulic conductivity, of a clay loam under semiarid climate conditions in Northern Mexico. Additionally, to determine the impact of these three different tillage methods on the fodder yield of oats. The hypothesis was that no tillage and vertical tillage would have a positive effect on bulk density, pore space, and saturated hydraulic conductivity, of the soil, and have a positive effect on crop yield.




2. Materials and Methods


2.1. Study Site


The study was conducted in the crop seasons of 2013, 2014, 2015 and 2016 at the experimental station of Universidad Autónoma Agraria Antonio Narro, Saltillo, Coahuila, Mexico. The site is located at 25°23’42’’ N and 100°59’57’’ W, at an altitude of 1743 m above sea level. The climate is semiarid with an average annual temperature of 16.9 °C, the mean annual rainfall is 435 mm, and the annual evaporation is 1956 mm. The soil at a depth of 0 to 20 cm is a clay loam (34.1% clay, 33.4% silt and 32.5% sand) with a 2.09% of organic matter.



The experimental setup was random blocks. In January, at the beginning of each growing season, the tillage treatments were performed in plots of 12 m × 40 m and replicated three times. The crop planted was forage oats (Avena sativa L.).




2.2. The Tillage Treatments


The operations for conventional tillage (CT) were: Disc plowing (disc plow ARHK-3, Kimball, Torreon, COAH. Mexico), harrowing (disc harrow RI 20204, Tecnomec Agricola SA de CV, AGS. Mexico) and planting (planter Gaspardo SC Maria, Maschio Gaspardo SpA, Padova, Italy).



For vertical tillage (VT), the operations were: Chisel plowing (Chisel plow JD610, John Deere SA de CV Monterrey, NL, Mexico), harrowing and planting.



For no tillage (NT), the only tillage operation was direct planting.



In Table 1, the specifications of the implements used for the tillage operations are presented.



In April of each year, at the end of the season, the variables under Section 2.3, Section 2.4, Section 2.5 and Section 2.6 were measured.




2.3. Bulk Density


At each treatment, undisturbed core samples were taken carefully from the soil profile between 0 and 20 cm at intervals of 5 cm. The core sampling was made using cylinders of 5 cm diameter and 5 cm in length. Samples were processed according to procedures described in [34]. Soil bulk density was calculated using Equation (1):


Bd = M/V



(1)




where: Bd = bulk density (g cm−3), M = mass of the dry soil sample (gr), V = volume of sample (cm3)




2.4. Pore Space


The percent of pore space was calculated from the values of bulk density and particle density. The latter was determined with the method of pycnometry [35]. It was calculated using Equation (2):


P = (1 − (Bd/Pd)) × 100



(2)




where: P = pore space (%), Bd = bulk density (g cm−3), Pd = particle density (g cm−3)




2.5. Saturated Hydraulic Conductivity


The in-situ determination of the field saturated hydraulic conductivity of the soil (mm h−1) was measured by the auger-hole method, using the Guelph Permeameter (Soilmoisture Equipment Corp., Santa Barbara, CA, USA) [36]. Hydraulic conductivity (Ks) was determined by measuring the steady-state rate of water flow out of a cylindrical well in which a constant depth of water was maintained. The Guelph Permeameter is an in-hole constant-head Permeameter, employing the Mariotte principle. The method involves measuring the steady-state rate of water recharge into unsaturated soil from a cylindrical well hole, in which a constant depth (head) of water is maintained.



The rate of a constant outflow of water, together with the diameter of the well, and height of water in the well, can be used to accurately determine the field saturated conductivity.




2.6. Crop Yield


A frame (0.25 × 0.25 m) was placed on the soil, the matter in the center of it was cut, weighed as green fodder, and then dehydrated at a temperature of 70 °C for 72 h until depletion of moisture, and so, its weight was constant. The dry fodder was taken as the dry matter weight of the crop, to calculate yield per hectare [37].




2.7. Statistical Analysis


The statistical analysis of the data was made using the R software version 2.10 [38], package agricolae version 1.2-8 [39]. Comparisons between statistical averages of the various treatments were made with the Tukey test (α ≤ 0.05). Figures were made with Excel 2016.





3. Results and Discussion


3.1. Effects on Bulk Density


Table 2 presents the values of bulk density at different depths for the tillage treatments. There was no clear tendency of increase or decrease in bulk density for any tillage treatment in the years observed. Changes in bulk density for all the treatments were in parallel, from the first to the second year increasing slightly, maintained in the third year and in the fourth year went back to very similar values registered in the first year.



The increase and decrease of the values from one year to another are in a range from 1.20 g cm−3 and 1.44 g cm−3. Most of these values fall in a range considered typical for clay loam soils, which is the soil used in the study [40,41]. Bulk density values less than, or equal to 1.40 g cm−3, are considered typical for clay loam soils [42].



Small increases and decreases of bulk density have also been found in another study evaluating the transitional effects associated with changing from conventional to no tillage; according to [43] the soil bulk density can change in time, but not necessarily in a consistent tendency.



Temporally within a season, bulk density could increase or decrease due to several factors, such as volume and intensity of rainfall, drying and wetting of soil, land position and crop type, among others [44]. However, changes of the observed parameters within the cropping season were not in the scope of the study presented.



In Figure 1, the mean values of the bulk density in the soil profile, at the different depths, are shown. In the semiarid conditions of Mexico and after four years of study, changes in bulk density for each year were not significant between the three applied tillage treatments.



In Figure 1d, in the lower-most layer studied (15 to 20 cm), although not statistically different, the values of bulk density at the end of each year from 2014 to 2016 for NT and VT were a bit higher than for CT. In Figure 1c, for the layer from 10 to 15 cm the values at each year for each system have fewer differences. For the upper layers, from 0 to 5 cm (Figure 1a) there was no a clear tendency, NT was the highest value in 2013 and in Figure 1c, from 5 to 10 cm bulk density for CT in 2014 was the highest value.



In a similar experiment, results showed that after three years, there was no significant soil bulk density differences at any depth between tillage treatments for plots without controlled traffic. In this experiment, it compared the effect of no tillage and chisel tillage on the bulk density when the wheel traffic was controlled and not controlled. The bulk density was measured in depth increments of 2 cm, in a soil profile from 0 to 30 cm in a silt soil with a crop rotation of maize and soybean [45].



Results from a similar research in Mexico have shown that after 14 years there were no significant differences in bulk density in treatments of no tillage and conventional tillage at 20 cm depth. The study was in a clay loam soil with maize, in a temperate area [46]. Another study, in a subtropical humid area of Mexico, showed that bulk density was significantly higher after three years with no tillage compared with conventional tillage. The experiment was in a clay soil with maize working at a depth of 20 cm [47].



Our results agree with another study, where the bulk density after four years and at different depths resulted in no significant differences among no tillage, shallow tillage and deep tillage in a sandy soil under sugar beet [48]. In another experiment, soil physical evaluation after four years showed no significant differences in bulk density between conventional tillage and no tillage in a silty clay soil under wheat [49]. On the other hand, differences in bulk density have been documented for a clay loam soil in the long-term (29 years) [50], where significant differences were found at the 5 to 10 cm depth. The differences were less for no tillage (1.48 g cm−3) compared to ridge tillage (1.53 g cm−3) and conventional tillage (1.61 g cm−3). In the same study, in the surface layer (0 to 5 cm) showed no significant differences among the systems.



However, even in long-term studies, there were not always significant differences. In a study in a silty clay loam under no tillage, moldboard plow, disk tandem and chisel plow, over a 35-year period, there were no significant differences in bulk density between the tillage treatments at any depth, in a soil profile from 0 to 30 cm [51].



In Figure 2, Figure 3 and Figure 4, changes are observed in bulk density for 2014, 2015 and 2016, having as a reference the values of 2013; changes are in percentage. For 2014 and 2015, it can be observed that for each of the treatment methods, at each of the soil depths, there was an increase in bulk density, from 1% to 13%.



After three years (in 2016) the values of bulk density are lower compared to those measured in 2013, except for the treatment of VT in the surface from 0 to 5 cm depth, which was a small increment. The range of decrease in bulk density is from 0.5% to 8.8% (Figure 4). Although there were no significant differences among tillage treatments, in average in the soil profile from 0 to 20 cm depth, there was a decrease on bulk density in relation of the values at the first year. This average decrease was 6.7% for CT, 5.6% for NT and 0.78% for VT.



The changes in percentage of bulk density in our experiment were similar to those obtained in a study of four seasons comparing the effects of conventional plow, ripping and planting in basins in a clay loam soil. The increases and decreases of bulk density varied from 1% to 11% with respect to the values of the first season [52].




3.2. Effects on Pore Space


Figure 5 presents the variations in the values of pore space in the top layer of the soil profile. Figure 6 presents the variations for the bottom layer for each tillage system. For all the depths in 2013 to 2016, the pore space fluctuated between 45% and 55%. The variations of the pore space are linked to the values of bulk density so, values are lower in 2014 and 2015, when bulk density increased in reference to 2013.



In our study considering the values of pore space at the end of each year for each tillage treatment, there were on average in the soil profile small increases in pore space of 6% for CT, 5% for NT and 0.5% for VT. However, the differences in the pore space of the soil among tillage treatments at all depths measured were not significant.



In general, the results of the pore space in this study for all tillage systems were in a range of 45% to 55%. Soil pores can occupy from 30% to 70% of the volume, depending on many factors [53], and a soil with a 40% of pore space is considered extremely porous [54]. Considering these references, the porosities calculated in this study were in the normal range of porosity for agricultural soils.



The results in this study are similar to [55] where, in a study over three years, in a silt loam soil, pore space was from 46.6% to 51.4% at a soil depth of 0 to 10 cm, with a wheat crop under conventional tillage and reduced tillage. Also, our study agrees with other research where after four years of conventional tillage and no tillage in a sandy clay soil under wheat, the average pore space was 49% and 46% respectively, at a depth of 0 to 15 cm. Those values of porosity showed no significant differences between tillage treatments [56].




3.3. Effects on Hydraulic Conductivity


From the values presented in Figure 7, hydraulic conductivity, in the investigated period, fell in a range of 3.6 mm h−1 to 36 mm h−1, which is classified as moderately high [57]. There were no significant differences among the tillage treatments in the values for saturated hydraulic conductivity for the same year.



Some authors consider a range of 0.36 mm h−1 to 360 mm h−1 as acceptable values for saturated hydraulic conductivity of agricultural soils; among them clay loam soils [58]. The hydraulic conductivity values obtained in this research were within this range. Another study considers an ideal range of hydraulic conductivity for agricultural soils, including clay loam textures, to be from 18 mm h−1 to 180 mm h−1, in this respect the values found in this study are just below that range [59].



In Figure 8, the changes of the saturated hydraulic conductivity can be seen. Taking as a reference the values of 2013, the highest increments were in 2014 in the order CT > NT > VT. Almost no changes were registered in 2015, while the decreases observed in 2016 where in the order of CT > VT > NT. Considering the values for each system at each year, the saturated hydraulic conductivity in CT decreased 6% more than NT and VT. The increments and decrements are in a range from 0.04 mm h−1 to 6.43 mm h−1. The changes do not result in statistically significant differences among the treatments.



Our results agree with some other studies. There were no significant differences in the mean values of hydraulic conductivity in the profile of a sandy loam soil at four different depths; hydraulic conductivity across four years and four layers was not affected by tillage [48].



On the contrary, other authors have found that the hydraulic properties of soil are highly variable within a season and across the years, for different soils [60].




3.4. Effects on Crop Yield


Figure 9 presents the dry matter yield of the oat crop (Avena sativa L.) for the seasons of 2013, 2014 and 2016. The yield in the NT system in 2015 was significantly lower compared to CT and VT; in that year there were problems with the crop planting because many seeds were left without proper soil cover due to a great amount of mulch. This caused failures and a lower plant density in the NT treatment. Apart from the before mentioned, there were no significant differences in yield among the tillage systems. Not considering the year 2015 for NT, in average for the period of the study, the yield of NT was 13% less than that of CT and VT.



The impact of no tillage agriculture on crop yield is variable. For some crops, in the first two years, the yields are lower than those under conventional tillage. After two or three years, from no tillage implementation, yields start to be comparable to those of crops under conventional tillage [61]. In another study, comparing conventional moldboard plow tillage and vertical tillage, the results were different according to the crop type. Therefore, wheat yield decreased by 14% and sunflower yield was 5% higher in the vertical tillage compared to the conventional treatment [62].



In our study, yields were not significantly different for each year for all three methods, (except for 2015, due to the problems mentioned). So, our results agree with other studies where little variation in the yields was observed for different tillage systems. In one study with wheat, there were no significant differences in grain yield with conventional tillage and reduced tillage. Both systems using mulch cover in a silt loam after three years [55]. In another long-term study the mean yields obtained after 21 years, with conventional tillage and no tillage (direct drilling), were not significantly different in a wheat–sunflower–legume rotation [63]. Similarly, there were practically no differences in the yield of wheat in a subtropical ferralsol in an experimental site after 17 years of no tillage and conventional tillage [64]. In another study, comparing production of small grain cereals (wheat, barley, and oat) in a silt loam soil, the grain yield with conventional tillage was 5% higher than with no tillage, but no significant differences were observed with the straw yield [65].





4. Conclusions


During the period of the study, the values of bulk density (and therefore pore space) showed no significant differences among tillage systems at any depth in the soil profile. There were an observed small decrease of bulk density and increase of pore space for CT and NT and practically no changes in these variables for VT.



Hydraulic conductivity varied from year to year. In average, decreases were observed more in CT than NT and VT. However, there were no significant differences among the tillage systems. Values for hydraulic conductivity were always within a range classified as moderately high.



Dry matter yields of oats showed no significant differences among tillage treatments in 2013, 2014 and 2016. In 2015, however, there was a significantly lower yield for NT, which was due to the low plant density of the crop.



The tillage systems studied did not have a significant effect on the physical properties of the soil, nor on the yield of oats. Of course, this was a short range result. Therefore, this is not to say that there may not be longer-range effects on soil quality. It will be necessary to have longer-range studies, in order to gauge the lasting effects of tillage methods on soil properties and yields.
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Figure 1. Bulk density (Bd) in the soil profile 0–5 cm (a), 5–10 cm (b), 10–15 cm (c) and 15–20 cm (d) for each year, with each tillage system. NT: No Tillage, VT: Vertical Tillage, CT: Conventional Tillage. 
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Figure 2. Change of bulk density in 2014 compared to 2013. 
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Figure 3. Change of bulk density in 2015 compared to 2013. 
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Figure 4. Changes of bulk density in 2016 compared to 2013. 
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Figure 5. Pore space (P) in the surface layer from 0 to 5 cm through the years for the different tillage systems. Mean values with the same letter in the same year are not significantly different (Tukey α ≤ 0.05). Bars on top of treatment are the standard error. 
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Figure 6. Pore space at the bottom layer (15 to 20 cm) profile, over the years for the different tillage systems. Mean values with the same letter in the same year are not significantly different (Tukey α ≤ 0.05). Bars on top of treatment are the standard error. 
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Figure 7. Changes in hydraulic conductivity (Logarithmic scale) over the four-year period, for different tillage systems. Mean values with the same letter in the same year are not significantly different (Tukey α ≤ 0.05). Bars on top of treatment are the standard error. 
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Figure 8. Change of saturated hydraulic conductivity for each tillage system, having as a reference the values of 2013. 
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Figure 9. Dry matter yield of oats under the different tillage systems. Mean values with the same letter in the same year are not significantly different (Tukey α ≤ 0.05). 
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Table 1. Specifications of the implements used for the tillage systems.
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	Implement
	Type of Tools
	Weight (kg)
	Working Width (cm)
	Working Depth (cm)





	Mounted Disc plow ARHK-3
	3 discs of 0.711 m diameter
	542
	80
	20



	Mounted Chisel plow JD 610
	8 tines “C” type shank
	618
	220
	16



	Mounted Disc harrow RI 2024
	20 discs of 0.609 m diameter
	674
	225
	12



	Mounted Seeder Gaspardo SC Maria
	Disc coulter furrow opener
	735
	250
	5
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Table 2. Bulk density from 2013 to 2016 in the soil profile for the investigated tillage system.
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Year

	
Tillage System

	
Depth in the Soil Profile (cm)




	

	

	
0 to 5

	
5 to 10

	
10 to 15

	
15 to 20




	

	
Bulk Density (g cm−3)






	
2013

	
NT

	
1.28 (0.04) a

	
1.29 (0.02) a

	
1.33 (0.02) a

	
1.31 (0.04) a




	
VT

	
1.24 (0.03) a

	
1.25 (0.06) a

	
1.27 (0.04) a

	
1.26 (0.05) a




	
CT

	
1.28 (0.03) a

	
1.31 (0.02) a

	
1.32 (0.03) a

	
1.27 (0.04) a




	
2014

	
NT

	
1.43 (0.04) a

	
1.35 (0.05) a

	
1.36 (0.07) a

	
1.41 (0.03) a




	
VT

	
1.34 (0.03) a

	
1.38 (0.03) a

	
1.36 (0.04) a

	
1.39 (0.03) a




	
CT

	
1.36 (0.05) a

	
1.31 (0.04) a

	
1.38 (0.07) a

	
1.36 (0.08) a




	
2015

	
NT

	
1.33 (0.03) a

	
1.37 (0.04) a

	
1.39 (0.02) a

	
1.39 (0.03) a




	
VT

	
1.36 (0.06) a

	
1.35 (0.04) a

	
1.41 (0.03) a

	
1.42 (0.06) a




	
CT

	
1.36 (0.04) a

	
1.44 (0.05) a

	
1.36 (0.04) a

	
1.33 (0.03) a




	
2016

	
NT

	
1.26 (0.02) a

	
1.22 (0.05) a

	
1.22 (0.03) a

	
1.22 (0.04) a




	
VT

	
1.26 (0.04) a

	
1.24 (0.05) a

	
1.23 (0.04) a

	
1.23 (0.02) a




	
CT

	
1.21 (0.04) a

	
1.21 (0.06) a

	
1.21 (0.05) a

	
1.20 (0.04) a








Mean values with the same letter in a column in the same year are not significantly different (Tukey α ≤ 0.05). The standard error is given in brackets. NT: No Tillage, VT: Vertical Tillage, CT: Conventional Tillage.
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