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Both no-tillage and legume cover crops have been shown to increase soil organic carbon (SOC) in subtropical soils. However, the mechanisms underpinning management system effects on SOC accumulation are still not well understood. We used a combination of aggregate size and density fractionation to elucidate these mechanisms at a 30-year old experiment on an Acrisol in southern Brazil. The effects of two tillage systems [conventional system (CT) and no-tillage (NT)] combined with three cropping systems [oat/maize (O/M), vetch/maize (V/M) and oat+vetch/maize+cowpea (OV/MC)]

were evaluated in the top 20 cm soil layer. Overall, macroaggregation (> 0.25 mm) was significantly influenced by tillage with NT showing values 14% greater than CT in the 0-5 cm soil depth. On average, the occluded light fraction-C content in macroaggregates was more than twice as high under NT compared to CT (4.4 vs. 1.8 g kg -1 ). This effect was more pronounced when legume cover crops were grown.

However, the most significant effect of cover crops was observed in the organomineral fraction of microaggregates, especially under NT (12.1 under O/M and 19.8 g kg -1 under OV/MC). Our results suggest that, although NT increased the occluded light fraction-C compared to CT, this effect was smaller than the gains that legume cover crops offered in organomineral association.

Introduction

Soil organic carbon is essential for more sustainable and resilient agricultural systems, especially in tropical and subtropical soils, owing to its central role in determining soil properties that strongly affect crop yield and the quality of the wider environment (Lal, 2009;Powlson et al., 2012).

Conservation management systems can make agricultural soils potential sinks of atmospheric CO 2 . An accumulation of SOC in agricultural systems of subtropical Brazil can be achieved through management strategies such as reduced tillage or NT that decrease the decomposition rate of soil organic matter [START_REF] Bayer | Carbon sequestration in two Brazilian Cerrado soils under no-till[END_REF], and high Cinput intensive cropping systems (Dieckow et al., 2005;Zanatta et al., 2007). Switching from CT to NT in Brazilian subtropical regions can result in C sequestration rates ranging from 0.11 to 0.68 Mg ha -1 yr -1 depending on the intensity of cropping systems adopted [START_REF] Bayer | Carbon sequestration in two Brazilian Cerrado soils under no-till[END_REF]. Intensifying cropping systems in Southern Brazil usually involves the insertion of cover-crop species, especially legumes, for which a positive effect on C input is usually related to soil N supply [START_REF] Amado | Potential of carbon accumulation in no-till soils with intensive use and cover crops in southern Brazil[END_REF]Diekow et al., 2005b).

Physical fractionation (density or size) has been used to study the effect of management systems on SOC stabilization (Diekow et al., 2005a;Álvaro-Fuentes et al., 2009;[START_REF] Andruschkewitsch | Effects of tillage on contents of organic carbon, nitrogen, water-stable aggregates and light fraction for four different long-term trials[END_REF][START_REF] Conceição | Combined role of no-tillage and cropping systems in soil carbon stocks and stabilization[END_REF]. Despite the wide range of fractionation schemes used (Cambardella and Elliot, 1992;Diekow et al., 2005a;[START_REF] Conceição | Densimetric fractionation with sodium polytungstate to investigate physical protection of soil organic matter[END_REF], three main fractions related to mechanisms of C stabilization are usually assessed. The free light fraction (free-LF) which is considered a nonprotected C-pool, the occluded light fraction (occluded-LF) that is fraction located inside of soil aggregates and assumed to be physically-protected against the attack of soil microrganisms and their enzymes, and the mineral-associated fraction (min-OM) that is a colloidal fraction interacting with mineral particles [START_REF] Six | Aggregate and soil organic matter dynamics under conventional and no-tillage systems[END_REF][START_REF] Rumpel | Non-cellulosic neutral sugar contribution to mineral associated organic matter in top-and subsoil horizons of two acid forest soils[END_REF][START_REF] Conceição | Combined role of no-tillage and cropping systems in soil carbon stocks and stabilization[END_REF]. Carbon occlusion and organomineral association are considered the main mechanisms of C stabilization in tropical and subtropical soils with a predominance of Kaolinite (1:1 clay) and sequioxides of Al and Fe [START_REF] Conceição | Combined role of no-tillage and cropping systems in soil carbon stocks and stabilization[END_REF][START_REF] Denef | Microaggregate-associated carbon as a diagnostic fraction for management-induced changes in soil organic carbon in two Oxisols[END_REF][START_REF] Zotarelli | Impact of tillage and crop rotation on aggregateassociated carbon in two oxisols[END_REF].

It has been suggested that SOC stabilization in NT soils is closely linked to soil macroaggregation [START_REF] Six | Aggregate and soil organic matter dynamics under conventional and no-tillage systems[END_REF][START_REF] Conceição | Combined role of no-tillage and cropping systems in soil carbon stocks and stabilization[END_REF]. The slower turnover of macroaggregates would favor the formation and stabilization of microaggregates within macroaggregates [START_REF] Six | Aggregate and soil organic matter dynamics under conventional and no-tillage systems[END_REF][START_REF] Denef | Carbon sequestration in microaggregates of no-tillage soils with different clay mineralogy[END_REF][START_REF] Du | Transition from intensive tillage to no-till enhances carbon sequestration in microaggregates of surface soil in the North China Plain[END_REF], and provide an environment for C to be chemically stabilized by soil minerals [START_REF] Conceição | Combined role of no-tillage and cropping systems in soil carbon stocks and stabilization[END_REF]. However, the mechanisms by which different cropping systems affect SOC stabilization is still unclear, especially in tropical and subtropical soils.

The hypothesis of this work was that soil management systems involving no soil disturbance (NT) and associated with large and diversified crop residue input, increase the C occlusion in macroaggregates and, consequently, favour the formation of organomineral associations and ultimately SOC stabilization. Our objective was to test this hypothesis using a combination of aggregate size and organic matter density fractionation, on a 30 year-old experiment of southern Brazil combining tillage and cropping systems with legume cover crops.

Materials and methods

Field experiment

This study was based on a long-term field experiment (30 years) initiated in 1985 in an area previously cultivated for approximately 16 years under conventional tillage, with plowing and disking, at the Experimental Station of the Federal University of Rio Grande do Sul, Eldorado do Sul, Rio Grande do Sul State, Brazil. Soil and climate characteristics are presented in Table 1.

The ongoing experiment consists of the combination of two tillage [conventional tillage (CT) and no tillage (NT)] systems with three cropping systems [oats (Avena strigosa Schreb) / maize (Zea mays L.) (O/M), vetch (Vicia sativa L.) / maize (V/M) and the consortium of oats + vetch / maize + cowpea (Vigna ugniculata (L.) Walp) (OV/MC)] distributed in a randomized block experimental design with split plots and three replicates. Tillage systems were assigned to the main plots (15 × 20 m) and cropping systems to the subplots (5 × 20 m). These tillage systems combined with cropping systems were managed at two levels of fertilization: 0 and 180 kg ha 1 of Nurea (0N and 180N), applied manually in strips in the maize crop, characterized the subsubplots (5 × 10 m). Only the sub-subplots with no nitrogen fertilization were used in this study.

Winter crops, managed as cover crops, were established in April-May of each year using direct drilling in both CT and NT treatments. Oats, when grown alone, were seeded at a rate of 80 kg ha -1 . When cultivated with vetch, oats were seeded at 30 kg ha -1 and vetch at 50 kg ha -1 . For vetch cultivated on its own, 80 kg ha -1 was used. In the OV/MC system, cowpea (summer cover crop) was manually sown 15 to 20 days after maize, between the lines of this crop, in pits 40 cm apart, with 3 to 4 seeds per pit. After the maize was harvested, cowpea was allowed to grow to its full development, remaining until its mechanical management by knife roller before the winter crops were planted (oats and vetch).

The CT plots were ploughed to a furrow-depth of 17 cm once a year in spring before maize sowing using a three-disk plough and harrowed twice to a depth of 10 cm using a disk harrow mixing the crops residues in this layer. At the same time, glyphosate-based herbicide (Roundup, Monsanto) was applied in the NT plots at 1.4 kg ha 1 with respect to final glyphosate concentration, and two or three days later the winter cover crops were managed with a knife-roller and the aboveground residues left on the soil surface. In NT, soil disturbance occurred only in the sowing line, and the residues of the cover crop were left on the soil surface.

Maize was planted with a NT planter in both tillage treatments in September-October, with 90 cm spacing between rows and using a sowing rate adjusted to obtain 50-70 thousand plants per hectare. The fertilizers were applied at 8 cm soil depth at maize sowing, at rates of 21.5 and 41.5 kg ha -1 of P and K, respectively (50 kg ha -1 of P 2 O 5 and K 2 O each). The mean historic annual C input for both cover crops and maize are provided in Table 1. The mean annual C input (aboveground and root, with roots being assumed to account for 30% of the aboveground portion) was calculated from cover crop data and the dry-matter maize yields compiled by Zanatta et al. (2007) for the period 1985-2006, which were subsequently updated to 2014 (Fig. 1) [START_REF] Veloso | High carbon storage in a previously degraded subtropical soil under no-tillage with legume cover crops[END_REF].

Soil bulk density and total organic carbon determinations

Soil sampling was carried out in September 2014 in the 0-5, 5-10 and 10-20 cm soil layers, prior to soil tillage for maize crop establishment. Trenches were opened, perpendicular to the sowing lines, for sampling for bulk density which was measured in duplicate using the volumetric ring method (volume of 101.5 cm 3 ) [START_REF] Blake | Bulk density[END_REF]. Soil samples were collected from the different layers for SOC analysis. The samples were air-dried, ground and passed through a 2-mm-mesh sieve, and then ground in an agate mortar. The determination of SOC concentrations by dry combustion was performed using an elemental analyzer (FlashEA 1112, Thermo, Electron Corporation, Milan, Italy).

The SOC stocks up to a depth of 20 cm were calculated using the equivalent mass approach [START_REF] Ellert | Calculation of organic matter and nutrients stored in soils under contrasting management regimes[END_REF], taking the soil mass of CT O/M management system as the reference. The annual SOC accumulation rate was calculated as the difference between the SOC stocks of the treatments and the reference system, divided by the time elapsed since the implementation of the experiment, i.e. 30 years.

Aggregate size distribution and physical fractionation of SOM

At the same period, additional trenches were excavated with a cutting blade in order to sample undisturbed soil in the 0-5, 5-10 and 10-20 cm layers for aggregate fractionation. These undisturbed samples were manually ruptured at their weakness points until the entire sample could be passed through a 9.51-mm mesh and dried in the shade. Aggregates larger and smaller than 2 mm were weighed to determine the proportion of aggregates making up the soil mass required to analyze the aggregate size distribution in water and the physical density fractionation of SOM.

To determine the size distribution of aggregates in water, 50 g samples of soil were weighed and moistened by capillarity for 12 hours on filter paper. Separations were run in duplicate. Afterwards, they were transferred to 1000 mL plastic tubes containing 500 ml of water and placed on a rotary shaker for 2 min at 16 rpm. The samples were then transferred to the vertical oscillation shaker, following the procedure of [START_REF] Carpenedo | Estado de agregação e qualidade de agregados de latossolos roxos, submetidos a diferentes sistemas de manejo (aggregate stability and quality of latosol submitted to different management practices)[END_REF]. The samples were placed on a set of sieves with mesh sizes 4.76, 2.00, 0.50, 0.25, and 0.053 mm, and shaken in water at 42 oscillations per minute for 15 min, so that water at the lowest level reached the top of the aggregates in the 4.76 mm sieve. The material that passed through the last sieve and was retained in the bucket was flocculated with potassium aluminum (5 g L -1 ).

The contents of the five sieves and the bottom were transferred to plastic containers of known mass, dried for 48 h at 60 °C and then weighed. The mean weight diameter (MWD) was calculated from the aggregates retained in the five sieves and the bottom pan (equation 1): MWD =

(1)

Where: MWD = mean weight diameter (mm); mAGRi = mass of aggregates in class i; Ci = mean value of the class of aggregate class [(upper mesh diameter + lower mesh diameter) / 2]; mAGR = total mass of aggregates of the six classes. The soil aggregate classes were pooled in large macroagreggates (> 2 mm), small macroaggregates (2-0.250 mm) and microaggregates (<0.250 mm). The SOC concentration of these aggregate size fractions was determined as previously described.

For the physical fractionation of SOM from large macroaggregates, small macroaggregates and microaggregates, 10-g samples from each soil aggregate class were placed in centrifuge tubes containing 80 ml of sodium polytungstate solution (SPT) (2.0 g cm -3 ) (Figure 1). After closure of the stopper tube and slow and manual stirring, the free-LF of the OM was released [START_REF] Conceição | Densimetric fractionation with sodium polytungstate to investigate physical protection of soil organic matter[END_REF]. The suspension was centrifuged at 2000 g for 90 minutes. The supernatant, which contained the free-LF, was filtered under vacuum. To remove excess SPT, the free-LF was washed with distilled water and calcium chloride solution (CaCl 2 ) (0.01 mol L -1 ). The SPT solution (contained in the free-LF supernatant) was returned to the tube and the suspension was subjected to ultrasonic vibration dispersion at the 240 J mL -1 level in order to disperse the soil aggregates. This level of energy was previously defined as sufficient to disperse organomineral complexes > 2 μm in order to obtain 99% of the total clay fraction (Inda et al., 2007).
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After sample dispersion, the suspension was centrifuged again and the occluded-LF fraction was separated by following the same procedure as for free-LF. The free-LF and occluded-LF fractions were oven dried at 60 °C, ground in an agate mortar, and analyzed for C as previously described. The C-min-OM was obtained by calculating the difference between SOC and C of the C-free-LF + C-occluded-LF. The C recovery in each soil aggregate class ranged from 85 to 96% of the SOC.

Statistical analysis

Data were subjected to analysis of variance (ANOVA) and, when significant (p <0.05), the differences between means of treatments were evaluated by the Tukey test at the 5% level. To compare the effects of the tillage (T) and cropping (CC) systems on the SOC variables, the MIXED procedure was performed, which considered the main factors and their interactions as fixed factors, and the block and the experimental errors as random variables. All analyses were performed using SAS ® v.9.4 (Statistical Analysis System Institute Cary, North Carolina).

The statistical model used in the analysis of variance to analyze SOC or C in the classes of aggregates was as follows:

Y ijkl = μ + B i + T j + Error (ij) + C k + T j C k + Error (ijk) + L l + Error (lj) + T j L l + C k L l + T j C k L l Error (ijkl)
, where μ = general mean of experiment;

B = block (i = 1, 2, 3); T = tillage systems (j = 1, 2); CC = cropping systems (k = 1, 2,
3); L = soil layer (l = 1, 2, 3) e Error = experimental error.

To compare the C concentration in the fractions of SOC within each soil aggregate class, the statistical model used was follows:

Y ijkl = μ + B i + T j + Error (ij) + C k + T j C k + Error (ijk)
, onde μ = general mean of experiment; B = block (i = 1, 2, 3); T = tillage system (j = 1, 2); C = cropping systems (k = 1, 2, 3) e Error = error experimental.

Results

Soil organic carbon

The SOC concentration was higher in the superficial soil layer (0-5 cm) under NT compared to CT, but this difference disappeared in the underlying layers (Figure 2a).

The SOC stocks down to a depth of 20 cm depth were therefore similar for the two tillage systems (Table 2). However, cropping systems had a strong effect on SOC stocks, which varied from 33.1 to 40.8 Mg C ha -1 , with a gradual increase due to legume cover crop insertion in the cropping systems (Table 2). Consequently, on average, legume-based cropping systems had the SOC accumulation rate 0.25 Mg C ha -1 yr -1 higher than traditional cropping system involving non legume crops (O/M) (Table 2).

Soil aggregation

The proportion of soil aggregates was strongly affected by tillage systems down to a depth of 20 cm (Figure 3 

SOC concentration in soil aggregates

Tillage and cropping systems differed in their effects on SOC concentrations in the three aggregate size classes, and these effects were mostly visible in the 0-5 cm soil layer (Figure 4). The SOC concentration in both macroaggregate fractions ranged from 10.3 to 19.5 g kg -1 , and was affected mainly by tillage systems (Figure 5 a, b). The SOC concentration in the large and small macroaggregates in the superficial soil layer was 5.1 and 4.0 g C kg -1 higher under NT than under CT, respectively (Figure 5 

Distribution of C in physical fractions of soil aggregates

On average, the free-LF-C fraction of both macroaggregate fractions represented 9% of the total SOC, and was affected by both tillage and cropping systems (Table 3).

The proportion of free-LF was much smaller in the soil microaggregates. On average, the C concentration in the macroaggregates was 2.4 times greater under NT compared to CT (Table 3). A less pronounced but still noticeable effect was observed in the system with two legume cover crops: the free-LF-C in small macroaggregates was 76% higher with the legume crops compared to O/M (Table 3).

The occluded-LF-C concentration varied between 1.1 and 4.6 g kg -1 among soil management systems, accounting from 9 to 27% of SOC, and was strongly influenced by soil tillage systems. The occluded-LF-C concentration was 2.2-, 2.8-and 2.6-fold larger, in the large and small macroaggregates and the soil microaggregates, respectively, under NT system compared to CT (Table 3). The highest C concentration was found in the large macroaggregates under NT (4.9 g kg -1 ) (Table 3). The occluded-LF-C concentration was 70, 69 and 84% greater in large and small macroaggregates and microaggregates, respectively, under OV/MC compared to O/M cropping system (Table 3).

The min-OM fraction accounted for the majority of the C contained in all aggregate fractions (Table 3). The cropping systems had a strong effect on min-OM of microaggregates, especially under NT (Table 3) where it was 64% greater under OV/MC compared to O/M (Table 3). Although the effect was less pronounced, the main effect of tillage system was also significant in large macroagregates, where the min-OM-C concentration was 28% greater in NT compared to CT (Table 3).

In all three aggregate fractions, in the 0-5 cm layer only, there was a significant positive correlation between the concentration of occluded-LF-C and min-OM-C (Fig. 6).

Discussion

Overall, and as usually observed (Plaza-Bonilha et al., 2010;[START_REF] Conceição | Combined role of no-tillage and cropping systems in soil carbon stocks and stabilization[END_REF], soil under NT presented a greater proportion of macroaggregates than CT. These macoaggregates under NT were also enriched in C compared to CT, which is also consistent with previous studies [START_REF] Conceição | Combined role of no-tillage and cropping systems in soil carbon stocks and stabilization[END_REF]Plaza-Bonilha et al., 2010;Plaza-Bonilha et al., 2013). Macroaggregates are complex structures, enriched in labile organic material recently added to the soil [START_REF] Angers | Recently deposited organic matter in soil water-stable aggregates[END_REF][START_REF] Plaza-Bonilla | Soil aggregation and organic carbon protection in a no-tillage chronosequence under Mediterranean conditions[END_REF][START_REF] Puget | Nature of carbohydrate associated with waterstable aggregates of two cultivated soils[END_REF][START_REF] Six | Aggregate and soil organic matter dynamics under conventional and no-tillage systems[END_REF]. The implementation of NT on degraded (or C depleted) soils results in the formation and stabilization of these macroaggregates and the consequent preservation of LF-C in these aggregate structures [START_REF] Andruschkewitsch | Effects of tillage on contents of organic carbon, nitrogen, water-stable aggregates and light fraction for four different long-term trials[END_REF][START_REF] Plaza | Physical, chemical, and biochemical mechanisms of soil organic matter stabilization under conservation tillage systems: A central role for microbes and microbial byproducts in C sequestration[END_REF]. The higher proportion of soil macroaggregates associated with higher occluded-LF-C concentration in superficial soil layer led to greater C stocks under NT compared to CT in that layer (2.4 vs. 0.8 Mg ha -1 , on average, data not shown).

The effect of tillage on C accumulation in macroaggregates was not apparent in the 5-10 and 10-20 cm soil layers; hence, C stocks in the 0-20 cm layer were statistically similar (Table 2; Figure 2). [START_REF] Plaza-Bonilla | Tillage effects on soil aggregation and soil organic carbon profile distribution under Mediterranean semi-arid conditions[END_REF] and [START_REF] Andruschkewitsch | Effect of long-term tillage treatments on the temporal dynamics of water-stable aggregates and on macroaggregate turnover at three German sites[END_REF] likewise found that the higher SOC content within macroaggregates under the NT treatment was restricted to the 0-5 cm soil depth.

As opposed to the effect of tillage, which was mostly observed in the macroaggregate fractions, the effects of cover crops were essentially visible in the organomineral associations (Min-OM-C) of soil microaggregates, particularly under the NT system. Two factors probably contributed to this effect. First, there was more C input in the OV/MC than O/M (8.9 Mg ha -1 vs. 5.0 Mg ha -1 , Table 1). Second, the greater lability of the legume cover crop residues (vetch and cowpea) likely contributed to more efficient use of this material by microorganisms, and enhanced C stabilization in soil organic matter by chemical bonding with the mineral soil matrix [START_REF] Cotrufo | The Microbial Efficiency-Matrix Stabilization (MEMS) framework integrates plant litter decomposition with soil organic matter stabilization: do labile plant inputs form stable soil organic matter?[END_REF][START_REF] Cotrufo | Formation of soil organic matter via biochemical and physical pathways of litter mass loss[END_REF].

Overall, in all aggregate fractions, the min-OM-C fraction accounted for up to 75% of the SOC and was also the fraction most influenced by cropping systems (Table 3). The cropping system, including legume cover crops, was therefore the main factor that affected SOC accumulation up to 20 cm depth. Although NT increased the occluded-LF-C compared to CT, this effect was smaller than the benefits that legume cover crops can offer through gains in organomineral association.

The significant relationship between occluded-LF-C and Min-OM-C (Figure 6 a, b, c) suggests that the greater C occlusion favored the formation of organomineral associations when NT and legume cover crops are combined. This may be because aggregates "provide time" and environment for occluded LF to become associated with the mineral soil matrix forming an organomineral association [START_REF] Conceição | Combined role of no-tillage and cropping systems in soil carbon stocks and stabilization[END_REF][START_REF] Garcia-Franco | Beneficial effects of reduced tillage and green manure on soil aggregation and stabilization of organic carbon in a Mediterranean agroecosystem[END_REF]. These results suggest that the reduced aggregate turnover under NT relative to CT [START_REF] Six | Aggregate and soil organic matter dynamics under conventional and no-tillage systems[END_REF] favoring the physical protection of particulate OM as well as interactions between soil mineral particles and OM in the superficial soil layer (Courier-Murias et al., 2013) is especially efficient in stabilizing C when coupled with legume cover crops.

Conclusions

The mechanisms by which no-tillage and legume cover crops favor soil C accumulation in a subtropical Acrisol differ. No-tillage has a positive impact on C stabilizing in soil macroaggregates, increasing the LF-C occlusion and leading to C accumulation mainly in the top 5-cm soil layer. On the other hand, legume cover crops are associated with an increase in the amount and lability of residue inputs, which favor organomineral associations in fine particles of soil, especially when combined with NT. ---------------------------------------------------------------------------g kg 1 aggregate ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------g kg 1 aggregate -------------------------------------------------------------------------------------------------- As there was not triple interaction, the results were showed in average of cropping systems because the significant interaction between tillage system and soil layer (a, b, c) and in average of tillage system because the significant interaction between cropping system and soil layer (d, e, f). In (a, b, c); uppercase letters compare soil layers within the tillage system in each aggregate class; lowercase letters compare tillage systems within soil layer in each class of soil aggregate according to Tukey test (P < 0.05). In (d, e, f), uppercase letters compare soil layers within the cropping system in each soil aggregate class; As there was not triple interaction, the results were showed in average of cropping systems because the significant interaction between tillage system and soil layer (a, b, c) and in average of tillage system because the significant interaction between cropping system and soil layer (d, e, f). In (a, b, c); uppercase letters compare soil layers within 

  a, b, c). In the three soil layers, NT (average of 34.6%) resulted in a greater proportion of large macroaggregates compared to CT (average of 20.1%), yielding a MWD of 1.3 mm for CT and 2.2 mm for NT. The cropping systems influenced the proportion of soil aggregates only in the 0 5 cm depth. In this soil layer, the proportion of large macroaggregates was 40% greater and the MWD 24% greater, under OV/MC compared to O/M (Figure4 a).

  a, b). On the other hand, cropping systems had a greater effect on the small macroaggregates (Figure 5 e) and an especially noticeable effect on the microaggregates in the superficial soil layer (Figure 4 f), with SOC concentrations in microaggregates varying between 15.3 and 21.3 g kg -1 . More noticeably, the system with two legume cover crops (OV/MC) showed a strong C enrichment in the microaggregates of the superficial soil layer compared to system with no legume cover crop (O/M) (Figure 5 f).

Table 3 .

 3 Carbon concentration in free light fraction (free-LF), occluded light fraction (occluded-LF) and mineral-associated organic matter (min-22 OM) in aggregates classes > 2 mm, 2 0.25 mm and <0.25 mm of 0 5 cm layer of a sandy clay loam Acrisol under two tillage systems (CT, 23 conventional tillage and NT, no-tillage) and two cropping systems [oat/maize (O/M) and oat+vetch/maize+cowpea (OV/MC)].

  Figure CaptionFigure. 1. Schematic map of density fractionation of soil organic matter in soil aggregate classes.

Figure 2 .

 2 Figure 2. Soil organic carbon concentration in 0-5, 5-10 and 10-20 cm of sandy clay loam Acrisol subjected for long-term to conventional tillage (CT) and no-tillage (NT) (a) in combination with three cropping systems [oat/maize (O/M), vetch/maize (V/M) and oat+vetch/maize+cowpea (OV/MC)] (b). The results were showed in average of cropping systems (a) and of tillage systems (b) because the triple interaction was not significant. Uppercase letters compare soil layers within the tillage systems (a) or the cropping systems (b). Lowercase letters compare tillage systems (a) or cropping systems (b) within soil layer according to the Tukey test (p < 0.05).

Figure 3 .

 3 Figure 3. Aggregate size-class distribution and mean weight diameter (MWD) in the (a) 0-5, (b) 5-10 and (c) 10-20 cm layers of a sandy clay loam Acrisol subjected to conventional tillage (CT) and no-tillage (NT).The results were showed in average of cropping systems because the triple interaction was not significant.Uppercase letters compare soil layers within the tillage systems in each soil aggregate class. Lowercase letters compare tillage systems within soil layer in each soil aggregate class according to Tukey test (p < 0.05).

Figure 4 .

 4 Figure 4. Aggregate size-class distribution and mean weight diameter (MWD) in the (a) 0-5, (b) 5-10 and (c) 10-20 cm layers of a sandy clay loam Acrisol subjected to cropping systems oat/maize (O/M), vetch/maize (V/M) and oat + vetch/maize + cowpea (OV/MC) in average of tillage systems [conventional tillage (CT) and no-tillage (NT)].The results were showed in average of tillage systems because only of cropping systems and soil layers effects were significant. Uppercase letters compare soil layers within the cropping system in each soil aggregate class. Lowercase letters compare cropping systems within soil layer in each class of aggregate according to Tukey test (p < 0.05).

Figure 5 .

 5 Figure 5. Concentration of organic carbon in aggregates > 2 mm (a, d), 2 0.25 mm (b, e) and < 0.25 mm (c, f) in 0 5, 5 10 and 10 20 cm soil layers of a sandy clay loam Acrisol subjected to conventional tillage (CT) and no-tillage (NT) or to three cropping systems [oat/maize (O/M), vetch/maize (V/M) and oat+vetch/maize+cowpea (OV/MC)].
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Figure 3 .Figure 4 .Figure 5 .

 345 Figure 3. Soil aggregate size-class distribution and mean weight diameter (MWD) in the (a) 0-5, (b) 5-10 and (c) 10-20 cm layers of a sandy clay loam Acrisol subjected to conventional tillage (CT) and no-tillage (NT). The results were showed in average of cropping systems because there was not triple interaction. Uppercase letters compare soil layers within the tillage systems in each soil aggregate class. Lowercase letters compare tillage systems within soil layer in each soil aggregate class according to Tukey test (p < 0.05).

  the tillage system in each aggregate class; lowercase letters compare tillage systems within soil layer in each class of soil aggregate according to Tukey test (P < 0.05). In (d, e, f), uppercase letters compare soil layers within the cropping system in each soil aggregate class; lowercase letters compare cropping systems within soil layer in each class of soil aggregate according to Tukey test (p < 0.05).

Figure 6 .

 6 Figure 6. Regression of C concentration in the mineral associated organic matter (Min-MO-C) as a function of the concentration of C in the occluded light fraction (Occluded-LF-C) in aggregates > 2 (a), 2 0.25 (b) and <0.25 mm (c) in 0 5 cm layer of sandy clay loam Acrisol under conventional tillage (CT) and no-tillage (NT) in combination with oat/corn (O/M) and oat+vetch /maize+cowpea (OV/MC).

  

  

Table 1 .

 1 Geographic coordinates, regional climate parameters, characteristics and classification of the soil, and C input by cover crops and maize across the whole experimental period (30 years) in Southern Brazil. CT= conventional tillage, NT= notillage, O/M= oat/maize, V/M= vetch/maize, and OV/MC= oat+vetch/maize+cowpea.

	Characteristic
	County

on average of two tillage systems; mean values across the whole experimental period (30 years).

Table Click here to download Table: Tables.docxTable 2 .

 Click2 Soil organic carbon stock in 0 20 cm layer of sandy clay loam Acrisol under conventional tillage (CT) and no-tillage (NT) in combination with three cropping systems [oat/maize (O/M), vetch/maize (V/M) and oat+vetch/maize+cowpea (OV/MC)].

	Tillage Cropping	SOC stock	SOC accumulation rate
		system	(Mg ha 1 )	(Mg ha -1 year 1 )
	CT	O/M	32.4	-
		V/M	37.1	0.2
		OV/MC	39.8	0.3
	NT	O/M	33.7	0.1
		V/M	38.0	0.2
		OV/MC	41.7	0.3
	Mean CT	36.4	0.1
	Mean NT	37.8	0.2
	Mean O/M	33.1 b	0.0 b
	Mean V/M	37.6 a	0.2 a
	Mean OV/MC	40.8 a	0.3 a
	F value Tillage (T)	0.69 ns	1.00 ns
		Crop (CS)	19.51 **	15.00 **
		T*CS	0.08 ns	0.56 ns
	No significant differences (p > 0.05) between treatments are designated with (ns); Significant differences
	between treatments at 1% probability of error by test F are designed with (**); Lowercase letters compare
	averages of crop systems; SOC= soil organic carbon; SOC accumulation rate was calculated in relation to
	CT O/M management system.			
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