

  agronomy-10-01848




agronomy-10-01848







Agronomy 2020, 10(12), 1848; doi:10.3390/agronomy10121848




Article



Linking Cover Crop Residue Quality and Tillage System to CO2-C Emission, Soil C and N Stocks and Crop Yield Based on a Long-Term Experiment



Otávio A. Leal 1,2,*[image: Orcid], Telmo J. C. Amado 1, Jackson E. Fiorin 3,4, Cristiano Keller 1, Geovane B. Reimche 1, Charles W. Rice 5[image: Orcid], Rodrigo S. Nicoloso 6[image: Orcid], Rafael P. Bortolotto 4 and Rai Schwalbert 1





1



Soils Department, Federal University of Santa Maria, 97105-900 Santa Maria, RS, Brazil






2



Institute of Bio- and Geosciences, IBG-3: Agrosphere, Forschungszentrum Jülich GmbH, 52425 Jülich, Germany






3



Cooperativa Central Gaúcha Ltd.a, 98005-970 Cruz Alta, RS, Brazil






4



Department of Agronomy, University of Cruz Alta, 98020-290 Cruz Alta, RS, Brazil






5



Department of Agronomy, Kansas State University, Manhattan, KS 66506, USA






6



Embrapa Swine and Poultry, 89715-899 Concordia, SC, Brazil









*



Correspondence: otavioleal@hotmail.com







Received: 16 October 2020 / Accepted: 16 November 2020 / Published: 24 November 2020



Abstract

:

Cover crops (CC), particularly legumes, are key to promote soil carbon (C) sequestration in no-tillage. Nevertheless, the mechanisms regulating this process need further elucidation within a broad comprehensive framework. Therefore, we investigated effects of CC quality: black oat (Avena strigosa Schreb) (oat), common vetch (Vicia sativa L.) (vetch), and oat + vetch on carbon dioxide-C (CO2-C) emission (124 days) under conventional- (CT), minimum- (MT) and no-tillage (NT) plots from a long-term experiment in Southern Brazil. Half-life time (t1/2) of CC residues and the apparent C balance (ACB) were obtained for CT and NT. We linked our data to long-term (22 years) soil C and nitrogen (N) stocks and crop yield data of our experimental field. Compared to CT, NT increased t1/2 of oat, oat + vetch and vetch by 3.9-, 3.1- and 3-fold, respectively; reduced CO2-C emissions in oat, oat + vetch and vetch by 500, 600 and 642 kg ha−1, respectively; and increased the ACB (influx) in oat + vetch (195%) and vetch (207%). For vetch, CO2-C emission in MT was 77% greater than NT. Legume CC should be preferentially combined with NT to reduce CO2-C emissions and avoid a flush of N into the soil. The legume based-NT system showed the greatest soil C and N sequestration rates, which were significantly and positively related to soybean (Glycine max (L.) Merrill) and maize (Zea mays L.) yield. Soil C (0–90 cm depth) and N (0–100 cm depth) sequestration increments of 1 kg ha−1 corresponded to soybean yield increments of 1.2 and 7.4 kg ha−1, respectively.
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1. Introduction


One-third of the soils worldwide are degraded and losing productivity [1], while only 10% of agricultural lands are improving in soil health [2]. Based on the world’s growing population and climate change projections, this scenario may aggravate, threatening food security and urging for the increase of crop yield and mitigation of greenhouse gas (GHG) emissions to the atmosphere [3].



Native ecosystems converted to agriculture cover at least one-third of the global terrestrial ecosystems, resulting in depletion of soil organic carbon (SOC) stock >25–30% [4]. Modeling projections onto a world without agriculture suggest a global soil carbon (C) debt of 133 petagrams (0–2 m depth) due to this activity, with SOC loss rates drastically increasing in the past 200 years [5]. Conservation agriculture (CA) systems that include no-tillage (NT), and the use of cover crops (CC) are efficient tools to mitigate GHG emissions [6], and to enhance soil health and crop yields [7], while addressing societal concerns of food and environmental security.



Although CA has been implemented on 180 Mha worldwide (12.5% of the global cropland) by 2016 [8], the three interconnected principles of CA (no or minimum mechanical soil disturbance, permanent soil cover and crop rotation) are hardly fully applied, which compromises soil environmental services and health [1,9]. In Brazil, NT increased from 1 to 35 Mha between the 1980s and 2016, which closely accompanied the expansion of soybean area, from nearly 9 to 34 Mha in the same period [8,10]. Studies in Southern Brazil demonstrated that long-term NT combined with intensive and diverse cropping systems partially or entirely restored SOC stocks in Oxisols compared to native vegetation reference sites [11,12]. Nevertheless, the C and nitrogen (N) balance in most NT soybean lands in Brazil is often neutral or negative [13], suggesting the lack of crop diversity limits SOC and N storage increments. Optimizing SOC storage in NT is key to meet Brazil’s goal to reduce its GHG emissions by 37% below 2005 levels by 2025 [14].



Depending on crop residue quality and soil tillage, among other factors, residues can undergo varied decomposition rates in the soil [15]. The emission of C as carbon dioxide (CO2-C) due to crop residues decomposition may contribute substantially (approx. 50%) to the total CO2 emitted from terrestrial agroecosystems to the atmosphere [16,17]. Additionally, the dynamics of residue decomposition affect the flush of organic compounds and N entering the soil and the allocation of C and N derived from these residues in different soil compartments, ultimately influencing the potential of cropping systems as CO2 sink or source [18,19,20].



According to Cotrufo et al. [21], the particulate organic matter (POM) predominantly consists of plant derived-compounds with low N content, and persists in the soil through biochemical recalcitrance, occlusion in aggregates and/or microbial activity inhibition. Whereas, according to these authors, the organic matter (OM) associated with soil minerals (OMAM) consists of N-rich microbial products, and persists in the soil longer than POM due to chemical interactions with minerals and occlusion in small aggregates. High-quality biomass (i.e., low C/N ratio) amendment is shown to increase the content of high-N microbial compounds in the soil, especially fungal products [22]. These compounds stimulate organo-mineral associations and aggregate formation, and therefore SOC stabilization, especially in NT [21,23,24,25]. In addition, the positively charged functional groups of N-rich microbial products may preferentially adsorb to mineral surfaces compared to C-rich compounds [26]. Accordingly, Arachchige et al. [27] reported that bacterial/hyphal debris and clay association confer greater stability to small microaggregates (20–53 µm) in comparison with fungal and plant debris in larger microaggregates (53–250 µm).



Different studies suggest that once legumes may add proportionally more N to soil compared to grasses, it may potentially increase SOC sequestration, particularly in NT, where residues are decomposed more gradually [22,23]. Accordingly, for a subtropical Ferric Oxisol, Sisti et al. [13] reported that, in crop rotations including N2-fixing plants as vetch, the SOC stock (0–1 m depth) in NT was 17.0 Mg ha−1 greater compared to conventional tillage (CT). This study corroborates findings of a 30-year old experiment carried out in a Subtropical Brazilian Acrisol, where the SOC sequestration rate in NT with legume CC was 0.5 and 1.2 Mg ha−1 year−1 (0–1 m depth) greater in relation to the NT without legumes and to the counterpart CT, respectively [28]. Yet, the authors reported that crop rotations that included vetch and maize stimulated native soil OM decomposition in CT, but not in NT. In a Ferralsol in Southern Brazil, Santos et al. [29] reported that even though the grass-based crop rotation (oat–maize–wheat–soybean) added 13% more C to the soil compared with the legume-based rotation (vetch–maize–wheat–soybean), it promoted a SOC sequestration rate 43% lower. According to Cotrufo et al. [21], OMAM confers slow soil OM turnover rates, but it may require the input of high-quality crop residues to accumulate, while POM is more sensitive to tillage but its accumulation in the soil is less dependent on high-quality residues. Furthermore, slower CC residue decomposition and N release to soil may attenuate N loss and favor N use efficiency in NT compared to CT [30].



The role of legumes to enhance N supply to subsequent crops is well-documented [31,32,33]. However, legume CC may not necessarily increase soil C and N stocks and cash crop yields in CT when compared to grass CC [34,35]. Moreover, long-term studies relating CC quality to crop yield in different tillage systems are less known [36], discouraging farmers to use high-quality CC in NT croplands.



Studies conducted in the long-term field experiment (began in 1985) in Cruz Alta, Southern Brazil, where the present study was developed, revealed that compared to CT, NT promoted greater: geometric mean diameter of aggregates, aggregates stability and C occlusion in aggregates [37,38]; POM content and quality (lower C/N ratio) as well as C management index [39]; soil C and N sequestration rates and stocks [30,40,41,42]; soil OM stability [27,38]; total fungal and arbuscular mycorrhizal fungal biomass [43,44]; and grain crop yields [45], and lower CO2-C emissions [46], especially in crop rotations including vetch. Most of these studies had specific objectives, which should be interlinked to improve our understanding on mechanisms of SOC sequestration in NT.



Taking into account the importance of legume CC for SOC sequestration in NT and our long-term experiment databases, we aimed to: (a) improve our understanding on how vetch contributes to increase SOC sequestration in NT; (b) interlink our findings with our databases to investigate relations between CC decomposition, GHG emissions, soil C and N stocks and crop yields. For that, we studied how CO2-C emissions and the apparent C balance (ACB) were affected by CC quality: black oat (Avena strigosa Schreb) (oat), common vetch (Vicia sativa L.) (vetch) and oat + vetch under different tillage systems. We hypothesize that compared to CT, NT: (i) slows CC residue decomposition and reduces CO2-C emission; (ii) increases ACB (C influx) and thus iii) increases soil C and N stocks, which are related to soybean (Glycine max (L.) Merrill) and maize (Zea mays L.) yield, especially if NT is combined with legume CC.




2. Materials and Methods


2.1. Experimental Site


Prior to 1965 the experimental site was under open araucaria woodland (Araucaria angustifolia) and native grass vegetation (Paspalum notatum Fluegge) [47]. Between 1965 and 1980, the area was under CT, continuous wheat/soybean and poor soil management (burn of crop residues, long fallow periods and frequent disk operation to control fallow weeds) [47]. From 1980 to 1985, the site was under reduced tillage [47]. In 1985, the experiment was initiated to investigate CA systems and crop rotations to soybean production to support farmers that started to adopt NT in Southern Brazil.



The experiment site is located in Cruz Alta (28°83′30″ S, 53°84′00″ W), Brazil, 409 m above sea level and slope of 4.7%. The climate is humid subtropical (Cfa according to Koppen’s classification). The average annual precipitation is 1774 mm and air temperature is 19.2 °C. The soil (Oxisol) is a Typic Hapludox [48], with average clay, silt and sand contents (0–20 cm depth) of 51.5, 23.5 and 25.0%, respectively. Kaolinite and iron and aluminum oxides are the dominant minerals in clay [46]. Iron content is 63.5 g kg−1, and hematite predominates over goethite [49].



In this experimental site, CT and NT are the main plots and three crop rotations are conducted in the subplots: R0—continuous wheat (Triticum aestivum L.)/soybean; R1—winter crop rotation wheat/soybean/black oat/soybean; and R2—full crop rotation (summer and winter) black oat/soybean/black oat + common vetch/maize/oilseed radish (Raphanus sativus var. oleiferus Metzg.)/wheat/soybean. Details on fertilization, liming and experiment conduction are available in previous papers [11,30,41,43,46,47,49,50,51].




2.2. Evaluations of CO2-C in Different Tillage and Cover Crop Combinations


2.2.1. Treatments and Practices


The CO2-C emission experiment was conducted in a split-plot randomized complete block design (four replicates), with three tillage systems in the main plot: CT, minimum tillage (MT), and NT; and four CC types in the subplot (40 × 60 m): no cover crop—bare soil (ncc), black oat (oat), black oat+common vetch (oat + vetch), and common vetch (vetch), totaling 48 experimental units. This CO2-C experiment was conducted on CT and NT experimental plots described in Section 2.1. CO2-C evaluations in MT treatments were conducted in adapted NT plots once the original experiment design has CT and NT plots only, as previously described in Section 2.1. Treatments having only oat as CC were installed in R1 subplots, because R1 has only grasses in winter rotation. Treatments having oat + vetch were installed in R2 subplots, because R2 includes grass and grass+legume in winter rotation. For vetch (alone) treatments, the residues of oat + vetch in R2 subplots were replaced with only vetch residues.



Before tillage operations for soybean planting, the CC (oat, oat + vetch, vetch) were sprayed with glyphosate herbicide [N-(phosphonomethyl) glycine] 1.5 L ha−1. In CT, the CC residues were incorporated into the soil with complete soil turn using a four blade disk plow to a depth of 0.20 m, followed by two passes with a tandem disk containing 36 blades to a depth of 0.15 m. For MT, the CC residues were partially incorporated into the soil (around 30%) with limited disturbance using a five shanks (spaced in 0.35 m) chisel plow (Jumbo Matic®) operating at 0.25 cm depth. In NT, the CC residues were left on the soil surface as mulch. Soybean planting and fertilization were performed using a NT seeder with 17 rows spaced 0.45 m (Model Semeato SHM 15/17) 10 days after CC dissection. All plots were fertilized at seeding with 50 kg ha−1 of phosphorus (P2O5) and potassium (K2O) and no N. The source of P was triple superphosphate (41% P2O5) and of K was potassium chloride (65% K2O).




2.2.2. CO2-C Emission Measurements


The CO2 emission was quantified in situ using an infrared CO2 gas flux analyzer (LI-COR 8100, Lincoln, NE, USA), which uses an infrared absorption spectrometer to measure CO2 and H2O concentration inside a chamber. The chamber, which is a closed system, was placed at the top of a PVC pipe (20 cm diameter, 4823.9 cm3 inner volume, and 317.8 cm2 circular soil contact area) previously pressed into the soil at 0.10 m depth at each experimental unit. After soybean sowing, the chambers were inserted into the soil between crop rows to reduce root account for CO2 measurements. Voluntary weeds emerged inside the chambers were regularly eliminated by hand.



The CO2 measurements started one day before soil tillage on 22 November 2013, and ended at soybean harvest in 25 March 2014, totaling 124 days. Measurements were performed daily in the first 11 days, every two days between 13th and 33rd day, weekly in the next month, and then twice a month until the end of the experiment, totaling 28 CO2 measuring days. The CO2 emission was measured three times a day (8:00–10:00 a.m., 1:00–3:00 p.m. and 05:00–07:00 p.m.) to take into account the daily average CO2 emission. The total accumulated CO2 was calculated according to Equation (1).


Eftx = Efp + (tx − tp) × [(Efpst − Efp)/(tpst − tp)],



(1)




where: Eftx = efflux at time “x”, Efp = prior efflux, tx = time “x” (days), tp = prior time, Efpst = posterior efflux, and tpst = posterior time.



The infrared gas analyzer measured the CO2 concentration during 1.5 min every 2.5 s in each experimental unit. The CO2 emission was calculated from the slope of the linear regression between CO2 concentration and time, according to La Scala et al. [52]. Flux measurements with R2 value below 0.85 were discarded. Afterwards, CO2 emissions were converted into CO2-C (kg ha−1). In our study, CO2-C corresponds to soil + CC residues CO2 emissions, except for ncc treatments, where CO2-C corresponds to soil CO2 emissions.




2.2.3. Soil Temperature and Moisture Measurements and Supporting Weather Conditions


Near-surface soil temperature was monitored using a thermistor-based probe inserted at 0.05 m depth into the soil near to the PVC pipes (CO2 measurements), and the volumetric water content of the soil was measured with a TDR (Time Domain Reflectometry) system (Model HydroSense II CS 659, Campbell Scientific, Australia). The thermistor probe and the TDR were coupled to the LAI-8100 system, and soil temperature and water content were monitored simultaneously with CO2 measurements.



The water-filled soil porosity space (WFSP) was calculated as WFSP = [(gravimetric moisture/soil bulk density)/(total porosity × water density) × 100]. The soil bulk density for CT, MT and NT treatments was 1.08, 1.13 and 1.18 kg dm−3, respectively. Water density was assumed as 1.00 kg dm−3, and total porosity = 1 − (soil bulk density/soil particle density), where soil particle density was assumed as 2.65 kg dm−3.



The rainfall volume and air temperature data related to the experimental period were acquired at a meteorological station located 150 m from the study site.





2.3. Cover Crops Biomass Input to Soil, Residue Decomposition in Litter Bags and Half-Life Time


Samples of CC biomass were taken within 0.5 m2 per subplot to obtain CC aboveground dry biomass, and C and N content (four replicates). At biomass sampling (10 November) oat was at final flowering and vetch at the early-flowering stage. The biomass samples were oven-dried at 65 °C until constant weight and milled to pass a 0.09 mm sieve (mesh 170). The biomass C content was determined by wet oxidation with K-dichromate and sulfuric acid solution with external heating [53,54]. Biomass N content was determined after sulfuric digestion by micro Kjeldahl method [55].



The in-situ field residue decomposition study was performed using nylon litter bags (0.20 × 0.20 m) with an aperture of 0.5 mm mesh size. Field CC residue samples were cut to 0.19 m length pieces, weighted to obtain the amount proportional to the total dry biomass production in each treatment, and placed into the litter bags. The litter bags were deployed on November 23, pinned horizontally on the soil surface in NT plots and buried in pits with 0.10 m depth in CT plots. The litter bags were positioned nearby CO2 measuring chambers. Residue decomposition under MT was not investigated because residue incorporation by chisel shanks is very difficult to reproduce. In total, 240 litter bags (6 treatments, 10 sampling times and 4 replicates) were prepared to allow periodic collection of bags for tracking of remaining biomass over time. Litter bags were retrieved at 8, 15, 22, 29, 43, 60, 73, 85, 101 and 123 days after tillage. Residues remaining into the litter bags were carefully collected, gently soil cleaned using a brush, oven-dried to constant weight at 65 °C, weighed, ground to pass a 2 mm sieve, and analyzed for C content (as previously described for total CC biomass C). An asymptotic exponential decay function was used to describe the CC residue decomposition over the time of experiment [56], as shown in Equation (2):


Y(t) = a + b × e−kt,



(2)




where: Y(t) = amount of residue remaining at a specific time, a = asymptotic remaining fraction not showing sign of decomposition, b = magnitude of the active fraction decomposed during the complete measuring period, k = a non-linear decay constant of the decomposed fraction, and t = time (days).



The half-life time (t1/2) of residues, which expresses the time needed for 50% of the residue to decompose, was calculated according to Plant and Parton [57], as t1/2 = ln2/k, where k is the decay constant rate obtained in Equation (2).




2.4. Apparent C Balance Calculation


The ACB was calculated as described in Equation (3):


ACB (kg C ha−1) = Ciccb − CCO2 − Crccb,



(3)




where: ACB = apparent C balance, Ciccb = amount of C present in the initial CC biomass input, CCO2 = accumulated CC-derived CO2-C of 124 days, and Crccb = amount of C in the biomass remaining in the litter bags after 124 days. The CCO2 was calculated by subtracting the total accumulated CO2-C emission from the treatment without CC (ncc, bare soil) from those respective treatments with CC residue. A linear interpolation was applied to generate temporal values between two measurement dates for the 124-day period.




2.5. Statistical Analysis


Unreasonable CO2 emission, soil temperature and moisture values were examined for single-point extreme outliers (box and whisker plot) and removed if found. In order to test the treatment effect in the measured variables, analysis of variance (ANOVA) using a split-plot model was conducted with the “lme” function from the “nlme” package [58], in R software version 3.6.3 [59]. Normality and equality of variances were tested using the Shapiro-Wilk test and the Levene’s test, respectively. The Tukey adjustment method was used for post-hoc multiple pairwise comparisons between least-square means of the levels for each significant fixed effect. Regression analysis was used to identify the response relationship of CO2-C emission to soil temperature and moisture, and the CC residues remaining biomass over time. Best-fit parameters for these exponential decay models were estimated using the Nonlinear Least Square function “nls” in R software [59]. All statistical significances were set at α = 0.05.





3. Results and Discussion


A compilation of data from the long-term experiment is presented in Supplementary Materials Table S1 in order to support and allow a broad comprehension of our results. Briefly, the table compares NT and CT systems under the full (summer and winter) crop rotation (R2) with respect to multiple soil, crops, and CO2-C flux attributes, highlighting the benefits of NT combination with legume CC for SOC sequestration, soil health and crop yields. ANOVA results of our experiment are shown in Table S2.



3.1. Weather Conditions, and Soil Temperature and Moisture Relation with Temporal CO2-C emission


Figure 1 shows the rainfall distribution and air temperature throughout the period of study. The average air temperature (23.7 °C) and the accumulated rainfall (650 mm) were close to that reported in previous studies performed in the same municipality (Cruz Alta) [40,46,60,61]. Daily maximum temperature (24.9 °C) occurred in December 2013 and the minimum (21.3 °C) in March 2014. Relative air humidity ranged from 64.1% (November 2013) to 71.9% (March 2014).



Soil temperature was affected neither by tillage system (CT = 28.8 °C, MT = 28.1 °C, NT = 27.7 °C) nor by CC type (ncc = 29.3 °C, oat = 27.7 °C, oat + vetch = 27.9 °C, vetch = 27.8 °C) (Table S3). Soil temperature values registered in our experiment are within the range favorable to microbial activity, from 20 to 30 °C [62,63]. The average volumetric soil moisture content in MT and NT was 31 and 25% greater compared with CT (0.16 m3 m−3), respectively (Table S3). The WFSP ranged from 44.8 (MT) to 47.6% (NT) (Table S3) and was within the critical thresholds (30 to 60%) for aerobic microbial activity [64]. The reduced soil penetration resistance, enhanced water infiltration and soil surface protection in MT compared to CT may explain the WFSP results [40,46,52]. In NT, crop residues maintained on soil surface reduce water evaporation. In addition, long-term NT is known to enhance soil structure and OM content, favoring water infiltration and retention in the soil [61].



To capture the effects of soil temperature and moisture on CO2-C emissions, a regression analysis was performed separately for four time intervals after tillage (1st, 2nd, 3rd–6th and 7th–18th week). A significant relationship of CO2-C emission with soil temperature and moisture was found in most treatments and time intervals (Table S4). In general, the greatest CO2-C emission peaks occurred within the 1st week after tillage (Figure 1). In this period, CO2-C emissions were not significantly related to soil temperature or moisture in CT and MT with CC (Table S4). Once soil temperature and moisture were not restrictive for microbial activity in our study, greater soil aeration [65] and soil-CC residue contact [66] due to tillage may be the main drivers of CO2-C emission in this case, corroborating Campos et al. [40]. Accordingly, in NT, where soil disturbance and residue incorporation were minimal or absent, soil moisture and temperature were significantly related to CO2-C emissions (Table S4), corroborating Hendry et al. [67].



Overall, in the 1st week period, side effects of soil tillage were predominant on CO2-C emissions. Afterwards, emissions were more closely related to soil moisture and temperature (Table S4), as expected since these are generally the major abiotic drivers of soil respiration [40,46,68].




3.2. Temporal CO2-C Emission in Different Tillage and Cover Crop Combinations


Figure 1 shows the temporal evolution of CO2-C emission for the different CC types within tillage systems throughout the total experimental period (124 days) and within the first 30 days after tillage. Overall, the CO2-C emission in ncc treatments were notably lower compared to the treatments with CC, independent of tillage system, as similarly reported by previous studies [42,46]. In CT and MT with ncc, this result is mainly explained by the lack of easily decomposable biomass input to the soil. Additionally, more than 70% of the SOC in this soil is stored as OMAM [39,42], which is less sensitive to soil tillage compared to labile OM [35]. In NT with ncc, in addition to the previous factors, the low soil disturbance and the greater OM protection in aggregates may explain the lower CO2-C emissions in NT compared to CT and MT with ncc [40,46,69].



The time for the greatest peak of CO2-C emission was notably different between tillage systems, CT: 1st day after tillage in vetch; MT: 4th day after tillage in oat + vetch; and NT: 8th day after tillage in oat + vetch (Figure 1). Early CO2-C emissions shortly after tillage in CT were also reported by Reicosky and Lindstrom [70] and La Scala et al. [52,71]. The greatest CO2-C peak in MT and CT were 73 and 54% greater than that in NT (77.0 kg ha−1 day−1), respectively (Figure 1). The short-term and great magnitude of CO2-C emission peaks in tilled systems is usually associate with enhanced aeration induced by tillage, which enable rapid O2/CO2 exchange with the atmosphere; increase of soil OM turnover rate in response to greater soil aeration and water infiltration; mechanical fragmentation of crop residues and incorporation into the soil; and disruption of soil aggregates [69,72,73]. The magnitude of the greatest peak of CO2-C in MT was 12.4% greater than in CT. As the peak in MT followed rainfall events (Figure 1), it suggests that a greater water infiltration and soil aeration associated with deep voids (up to 25 cm) created by shanks in MT (compared to disk operation up to 20 cm in CT) may explain the greater CO2-C emission peak in MT. Reicosky and Archer [74] reported that in relation to NT, CO2-C emissions increased by 3.8, 6.7, 8.2 and 10.3 times in response to increasing tillage depth to 10.2, 15.2, 20.3 and 28.0 cm, respectively, possibly due to greater amount of aggregates disruption. Furthermore, soil CO2 concentration increases with soil depth, and more CO2 is released to the atmosphere once soil is disturbed [65,75]. In addition, the greater soil moisture in MT compared with NT (Table S3) may have stimulated microorganisms’ activity, OM decomposition and CO2-C emission.



In general, the CO2-C emission peaks were concentrated within the first two weeks after tillage, but varied in magnitude according to CC quality within each tillage system (Figure 1). Only three days after tillage in CT, the CO2-C peak in vetch, oat + vetch and oat averaged 118, 109 and 66 kg ha−1, respectively, and decreased until the seventh day after tillage (Figure 1). Compared to CT, the CO2-C peak for vetch, oat + vetch and oat were 14%, 21% and 33% lower in MT and 58%, 70% and 33% lower in NT, respectively, within the same two-week period. These results highlight the potential of NT to mitigate CO2-C emission caused by tillage, mainly for high-quality CC residues like vetch, either cultivated alone or combined with grass (oat + vetch). According to Aita and Giacomini [76], although vetch has greater lignin content compared to oat, its lignin/N ratio is less, and its C/N is lower compared to oat, favoring vetch biological decomposition, especially under CT [75].



During the two-week period after tillage, a second CO2-C peak was associated with two rainfall events totaling 20.4 mm (Figure 1). Similarly, a third CO2-C peak occurred close to the 35th day after tillage in all treatments after a 70 mm rainfall event and an increase in air temperature (Figure 1). The CO2-C emissions response to rainfall was greater in MT compared to CT and NT, which was probably associated with greater water infiltration in MT soil. Furthermore, mulch in NT may hinder CO2-C diffusion from soil to atmosphere [77].



In our study, the greatest CO2-C peak in CT, MT and NT persisted to the 28th, 23rd and 10th day after seeding, respectively (Figure 1b,d,f). This is aligned with studies reporting that CO2-C peaks in NT are lower in magnitude and shorter in duration compared to CT (Figure 1) [3,78,79,80,81,82,83,84].




3.3. Daily Average and Accumulated CO2-C Emission in Different Tillage and Cover Crop Combinations


Daily average (p < 0.0001) and accumulated CO2-C (p = 0.0041) emissions were significantly affected by the interaction between tillage system and CC type (Table S2). Daily average CO2-C emissions within tillage systems increased (raw values) with greater CC quality, as follows: ncc < oat < oat + vetch < vetch (Figure 2). This is in line with Rigon et al. [73] where CO2-C emissions were significantly affected by crop residues differing in C/N ratio. In Southern Brazil, Costa et al. [85] reported lower CO2-C efflux in the presence of black oat residues (C/N ratio = 36.3) compared to common vetch (C/N ratio = 15.4) in NT, with daily average CO2-C emission values similar to that of our study (Figure 2).



The range of daily average CO2-C emissions in CT, from 29.9 (ncc) to 56.5 kg ha−1 (vetch), was similar to the range in MT, from 25.5 (ncc) to 59.2 kg ha−1 (vetch) (Figure 2). In NT, these values ranged from 17.5 (ncc) to 33.5 kg ha−1 (vetch) (Figure 2). In NT, the daily average CO2-C emission in ncc, oat, oat + vetch and vetch was 41%, 39%, 40% and 41% lower than that in CT, respectively, and 31%, 21%, 41% and 43% lower than that in MT, respectively. Our data is in agreement with Pes et al. [46] who observed in our experimental area daily average CO2-C emission in NT (28.8 kg ha−1) 40% lower compared to CT (48.1 kg ha−1) under crop rotation R2 (Table S1). Similar CO2-C emission in NT R2 (24.4 kg ha−1) was previously reported by Bortolotto et al. [61] at this experimental site.



Regarding ncc treatments, the total accumulated CO2-C emissions in CT and MT was 72% (350 kg ha−1) and 46% (225 kg ha−1) greater compared to NT, respectively (Figure 2). The total accumulated CO2-C emission in ncc followed the order of intensity of soil disturbance CT > MT > NT. The soil derived CO2 emission under CT was 66%, 56% and 53% of the total accumulated CO2-C emission of oat, oat + vetch and vetch treatments, respectively. These values were 65%, 47% and 43% in MT and 64%, 54% and 52% in NT. In general, the residues accounted for 34–57% of the total accumulated CO2-C emission. With respect to oat residues, which have lower quality (greater C/N ratio) in relation to oat + vetch and vetch, the total accumulated CO2-C emissions across tillage systems followed the same order observed for ncc (CT > MT > NT). For vetch and oat + vetch, the total accumulated CO2-C followed a different order, CT = MT > NT. Under CT, about 59%, 74% and 87% of the C input to the soil by oat, oat + vetch and vetch was lost as CO2-C. Together these results evidence that to more easily degradable residues, as vetch, even the minimal soil disturbance (MT) increased sharply the accumulated CO2-C emission (Figure 2). Overall, NT was more C conservative, where about 41%, 51%, and 43% of the C input by oat, oat + vetch and vetch, respectively, was lost as CO2-C. Particularly, for vetch, this loss was half of that in CT, reinforcing that understanding interactions between CC type and soil tillage system is crucial to mitigate CO2 emissions and to increase SOC sequestration in intensive cropping systems [72,86,87].



In MT, the total accumulated CO2-C emission in vetch was 51 and 10% greater than that in oat and oat + vetch, respectively (Figure 2). In CT, the total accumulated CO2-C emission decreased as vetch = oat + vetch > oat (Figure 2), and the CO2-C emission in vetch was 26% greater compared to oat. In NT this value was 24%. Comparing the greatest to the lowest total accumulated CO2-C emissions across all treatments, the emission in vetch under MT was 118% greater compared to oat under NT. The total accumulated CO2-C emissions in oat + vetch and vetch under MT did not differ from that in CT, but both were much greater than in NT (Figure 2). In CT and MT, the accumulated CO2-C emission in vetch was 68 and 77% greater than in NT, respectively (Figure 2). These findings indicate that high-quality CC as oat + vetch, and especially vetch, should be preferentially combined with NT, which also applies to legume cash crops as soybean. This is critical as MT is often adopted by farmers to alleviate soil compaction in NT areas after soybean harvest, for example in Southern Brazil, while it could be used after corn instead, if not avoided.




3.4. Cover Crops Biomass Input to Soil, Residue Decomposition in Litter Bags and Half-Life Time


Means of CC dry biomass, C and N content were statistically compared between NT and CT only, since MT was not included in the decomposition experiment (see Section 2.3), and were significantly affected by CC type only, p = 0.0307, p < 0.0001, and p < 0.0001, respectively (Table S2). On average of CT and NT, the biomass of oat + vetch (6819 kg ha−1) was significantly greater than that of vetch (6450 kg ha−1), while oat biomass did not differ from the others (Table 1). The C input to the soil by oat + vetch (2751 kg ha−1) was significantly greater compared to oat and vetch, which did not differ from each other (Table 1). The N input to the soil significantly increased as follows: oat < oat + vetch < vetch (Table 1). Since the C/N ratio of the CC biomass decreased as oat > oat + vetch > vetch, regardless of tillage system (Table 1), we assumed that the quality of the CC biomass increased as oat < oat + vetch < vetch.



The CC residue decomposition over time of experiment was described by highly significant exponential decay functions (Figure 3). In CT, the CC constant decomposition rate (k) ranged from 0.0275 (oat) to 0.0806 day−1 (vetch) (Figure 3a). In NT, k ranged from 0.0121 (oat) to 0.0269 day−1 (vetch) (Figure 3b). The faster decomposition of CC residues in CT is attributed to greater soil aeration, residues fragmentation and increase in residue-soil contact due to tillage compared with NT, where residues remain on soil surface without physical fragmentation [35,46,72].



Regardless of CC quality, remarkable decomposition of residues occurred within the first 30 days of study, especially for CT (Figure 3), corroborating the main CO2-C emission peaks occurred within this period (Figure 2). At 30 days of decomposition, the remaining biomass of oat, oat + vetch and vetch in CT was 53%, 55%, and 45% of the initial biomass, respectively, whereas in NT these values were 79%, 75%, and 66%. After 123 days, the remaining biomass of oat, oat + vetch and vetch in NT was 9%, 1%, and 11% greater than in CT, respectively. These results indicate that NT slowed residues decomposition more relevantly within the first 30 days of experiment (particularly for vetch), where oat, oat + vetch and vetch biomass loss was 44%, 37%, and 67% lower, respectively, compared to CT. These data are aligned with Li et al. [88] and Sievers and Cook [89] who reported more intense residue decomposition of legumes compared to grasses, especially in tilled systems. The rapid initial decomposition of CC, mainly of legumes, is particularly relevant with respect to N flush into the soil. In NT, Aita and Giacomini [76] reported that 46%, 38% and 15% of the total N released to the soil by vetch, oat + vetch and oat residues, respectively, during 182 days occurred within the first 15 days. Additionally, the authors concluded that early N released amount exceeded the N accumulated by subsequent commercial crops. Accordingly, Acosta et al. [90] observed that 90% of the N from vetch residues was released to the soil within 30 days of decomposition in NT in Southern Brazil. In CT, N flush into the soil derived from CC decomposition is even more intense [76,90].



The t1/2 of CC residues was significantly affected by the interaction between tillage system and CC type (p < 0.0001, Table S2). The short t1/2 of vetch in CT compared to NT verified in our study (Figure 4) possibly caused a sharp N flush into CT soil, reducing N recovery by subsequent cash crops and increasing risks of N leaching and gaseous loss, which may constrain SOC sequestration mechanisms [27,91,92,93]. In this way, the greater t1/2 of CC residues in NT (Figure 4) may partially explain the 7% greater soil N stock in NT (0–0.3 m depth) compared to CT observed by Campos [60] in our experimental site for R2 rotation (Table S1). This crop rotation has vetch and oilseed radish though to increase soil N, and N retention in the soil and recovery by plants may be greater in NT than in CT [94].



The t1/2 of oat, oat + vetch and vetch residues in NT was 3.9, 3.1 and 3.0 times greater than in CT, respectively, and the total accumulated CO2-C reduction by NT over CT was greater as lower was the C/N ratio of CC residue: oat (500 kg ha−1), oat + vetch (600 kg ha−1) and vetch (642 kg ha−1) (Figure 4). These results allow to confirm hypothesis “i”. Similarly, Campos et al. [40] reported that the t1/2 of wheat and black oat + vetch residues was 2.3- and 2.2-fold greater in NT than in CT at our experimental area (Table S1). The greater t1/2 of CC residues in NT systems prolongs soil surface protection, temperature control, and conserves soil moisture, thus improving soil health [73,95]. Pires et al. [44] reported that NT promoted greater diversity of soil microorganisms and fungal biomass than CT in our experimental site (Table S1). In comparison to fungi, bacteria demand more energy and are less efficient in converting C from substrates to microbial compounds, and therefore could increase residue decomposition and CO2-C emissions [96,97,98]. Veloso et al. [22] reported that in NT, legumes promoted soil aggregation and created a favorable environment for the accumulation of fungal products, stimulating intra-aggregate C accumulation. Furthermore, the authors found preferential accumulation of fungal-derived glucosamine in OMAM fraction at subsurface soil depths (up to 1 m), indicating that fungal activity was a key driver of SOC stabilization, corroborating Mikha and Rice [99]. Accordingly, Campos et al. [37] reported that the average geometric diameter of soil aggregates in NT was 61% greater than in CT in our experimental site (Table S1). These interpretations are supported by the greater SOC sequestration rate, C content in aggregate classes, and OMAM and SOC stocks in NT compared to CT previously reported for our soil [38] (Table S1).



Legume-based NT can increase stable SOC stock (Table S1), as discussed in our study. Soil OM stabilization in microaggregates due to close interactions of mineral particles with N-rich microbial compounds is thought among the main drivers of this process [93,100,101]. In this way, recent studies from long-term NT sites in Southern Brazil support that the increase in macroaggregates and SOC stabilization rely on the continuous and diversified input of crop residues and continuous NT adoption [11,12,35,42,47,93,102]. Furthermore, the research highlights legumes as a key strategy to stimulate soil aggregation and stabilization (via mycorrhizas stimulation). Conversely, short t1/2 of legumes leading to short-term CO2-C emission and sharp N flush into the soil in CT may hinder formation of N-depending stable organo-mineral interactions, likely restricting SOC and N sequestration [28,76]. In our experimental area, Pires et al. [44] found greater arbuscular mycorrhizal fungal biomass as well as N-acetyl-glucosaminidase and Β-glucosidase activity (0–0.3 m depth) in NT compared to CT (Table S1), supporting that increasing t1/2 of legumes benefits fungal communities, consequently increasing SOC and N stocks. Accordingly, previous studies in our experimental site concluded that compared to CT, NT enhanced stabilization of easily degradable organic C by either physical occlusion or by intimate association with soil minerals, probably mediated by microbial compounds [27]. Lower hydrophilic C/hydrophobic C ratio of humic acids extracted from microaggregates in NT compared to CT was already reported for our soil (Table S1), suggesting lesser maturity of stabilized OM in NT.




3.5. Apparent C Balance


The ACB dynamics indicated that NT acted as C sink about 1.6, 1.6, and 2.0 times longer compared to CT, for oat, oat + vetch and vetch, respectively (Figure 5).



In CT, as greater was the quality of the CC residue as shorter was the period that the system acted as C sink: vetch = 37 days (Figure 5c); oat + vetch = 43 days (Figure 5b); oat = 45 days (Figure 5a). In NT, this period was similar for the CC: vetch = 72 days (Figure 5f); oat + vetch = 69 days (Figure 5e); oat = 68 days (Figure 5d). The flush of available N to soil microorganisms due to the fast decomposition of vetch in CT may promote a fast growth of soil microbial biomass [90], which, in turn, can accelerate the decomposition of CC residues and of other soil C sources, as OM occluded into aggregates and made freshly available after aggregates disruption through tillage [46,69]. In NT, aggregates disruption was minimal, and vetch decomposition (Figure 4) and therefore N release to soil was slower, allowing N assimilation by microorganisms and favoring soil OM protection mechanisms [27,35,103,104].



The C input to the soil by CC ranged from 2589 to 2766 kg C ha−1 and was significantly greater in oat + vetch compared with oat and vetch, regardless of tillage system (Figure 6a). These values are coherent to the average annual (1985–2007) C input to the soil by CC ranging from 2120 (oat) to 2940 kg C ha−1 year−1 (oat + vetch) estimated by Nicoloso [38] in our experiment (Table S1). Besides adding more C to the soil compared with oat or vetch, the mix oat + vetch allows for balancing C and N inputs, thus synchronizing residues decomposition and recovery of released nutrients, mainly N, by crops and soil microorganisms [7,91,105]. Nevins et al. [106] found significantly greater species evenness among taxa in NT compared to CT, mainly when rye+hairy vetch was used instead of single rye or hairy vetch. This is in agreement with recent soil microbial biomass studies performed in our experimental area [44], as disposed in Table S1.



Compared to CT, NT significantly reduced the CO2-C emissions derived from oat, oat + vetch and vetch biomass by 31%, 30% and 49%, respectively (Figure 6b). In a meta-analysis study, Abdalla et al. [107] reported that CO2-C emissions were 23% lower in long-term NT (>10 years) than in CT. In NT, the mulch physical barrier to gas diffusion may be especially important when the crop biomass production is high [108], as that observed in our study (>6.3 Mg ha−1). Furthermore, in NT only the first layer of residues is in direct contact with soil, slowing residue decomposition, particularly relevant to vetch [73,109]. In CT, the C content in the remaining biomass of vetch at the end of the experiment was 17% and 21% lower compared to oat and oat + vetch, respectively (Figure 6c). In NT, these values were 16% and 13%. The C content in the remaining biomass of oat, oat + vetch and vetch in NT was 14%, 13%, and 25% greater than in CT, respectively.



In CT, positive ACB (influx) was observed only for oat (+101.6 kg C ha−1), while oat + vetch and vetch presented negative ACB (efflux) values of −267 and −454.8 kg C ha−1, respectively (Figure 6d). However, only vetch ACB significantly differed from oat (Figure 6d). In NT, ACB was positive for all CC, and treatments differed neither from each other nor from oat in CT (Figure 6d). Nevertheless, the rates of biomass C conversion to SOC for NT with vetch, oat and oat + vetch were 18.6%, 14.8% and 9.4%, respectively, suggesting that conversion was more efficient in vetch. Together these data confirm hypothesis “ii”. Greater C conversion rates (between 20% and 30%) reported by other authors usually take into account root C inputs [110], not evaluated in our study. Our values are close to that of a review reporting conversion of C of high- and low-quality biomass to SOC [111], and are compatible to findings of Gale and Cambardella [112], who found that 16% of the aboveground oat biomass C was converted to SOC after 360 days of decomposition in NT. Santos et al. [29] reported greater relative biomass C to SOC conversion factor in vetch legume-based (0.147) compared with grass-based rotation (0.057) in a 17-year old NT experiment in Southern Brazil. Our findings support Nicoloso et al. [42] who reported for our experimental site that SOC stock (0–0.3 m depth) in NT was 8.3 Mg C ha−1 (equivalent to 0.27 Mg C ha−1 year−1) greater than in CT after 22 years of experiment, under the crop rotation including oat + vetch (R2). This is also in agreement with a 18-year old experiment in Southern Brazil [113], where SOC accumulation rates (0–0.2 m depth) for oat/maize, vetch/maize, and oat + vetch/maize+cowpea in CT ranged from 0.09 (oat/maize) to 0.34 Mg ha−1 year−1 (oat + vetch/maize+cowpea) and were nearly half of that in NT, 0.19 (oat/maize) to 0.64 Mg ha−1 year−1 (oat + vetch/maize+cowpea). The authors concluded that SOC accumulation rates due to CC increased as oat < vetch < oat + vetch/cowpea. These results may be associated with an increase of microbial N (proteinaceous) compounds, which are preferentially adsorbed by mineral surfaces, increasing biomass C to SOC conversion rates, especially in soils with high clay and Fe oxides content [29,114]. Furthermore, Sisti et al. [13] argued that N2 fixation by legumes was more efficient in NT than in CT, and that it was associated with increase of SOC stock (0–0.3 m depth). According to the authors, the stimulation of soil OM turnover provoked by tillage partially inhibited N2 fixation in CT compared to NT [115]. These findings are in agreement with other works reporting increase in SOC accumulation rates in NT in response to N2-fixing legume CC [116,117,118,119].




3.6. Linking CO2-C Emission and ACB to Long-Term Soil C and N Sequestration and Crop Yield


In this section, we linked our CO2-C and ACB findings to soil C and N sequestration (adapted from Nicoloso [38] and Nicoloso et al. [41]) and crop yield data (22 years) of our long-term experiment. Please, see details of long-term experiment design in Section 2.1.



The total accumulated CO2-C emissions (Figure 2) and ACB efflux (Figure 6d) of oat + vetch in NT were lower than in CT. Yet, the total accumulated CO2-C emission of oat + vetch in NT was 29% lower than that of oat in CT (Figure 2). These results partially explain the greater SOC accumulation rate in NT with oat + vetch as CC (R2) compared with CT with oat alone as CC (R1), as previously found by Nicoloso [38]. Average annual (1985–2007) SOC sequestration rate increments (0–90 cm depth) in CT R1, CT R2, NT R0, NT R1 and NT R2 in relation to the baseline CT R0 (6.00 Mg C ha−1 year−1) were 0.09, 0.09, 0.12, 0.51 and 0.52 Mg ha−1 year−1, respectively (Figure 7a). The higher ACB values observed in NT compared to CT (Figure 6d) contribute to explain such increments. In the same way, the similar ACB found for oat (allocated in R1 plots) and oat + vetch (allocated in R2 plots) in CT (Figure 6d) can partially justify the similar SOC sequestration rate increments observed for CT R1 and CT R2 (Figure 7a). In NT, the ACB for oat + vetch did not differ from that of oat (Figure 6d), while SOC sequestration rate increment in NT R2 was slightly greater than in NT R1 (Figure 7a). The greater N input to soil by oat + vetch compared to oat may have stimulated greater soil C and N sequestration rates in NT R2, probably by stimulating the association of N rich-organic compounds to soil minerals. In fact, the greatest average annual (1985–2007) N sequestration rate increment (0–100 cm) in relation to the baseline CT R0 (0.54 Mg ha−1 year−1) occurred in NT R2 (88.6 kg ha−1 year−1) (Figure 7b). The positive relation between soil N and SOC sequestration rate increments in the different treatments in relation to CT R0 corroborate this interpretation (Figure 7a).



Combining NT with the crop rotation that included oat + vetch (R2) promoted the greatest soil N and SOC sequestration rate increments (Figure 7a). The mitigation of CO2-C emissions by NT and the attenuation of N flush into soil, mainly from vetch decomposition, probably favored mechanisms of soil N and SOC accumulation in NT R2 according to the literature [21,22,28].



The soil N sequestration rate increment in NT R2 was 6.5 times greater than in CT R2, despite the fact that N balance (22 years) in NT R2 was 24% (622 kg ha−1) lower compared to CT R2 (Table S1). This difference is mainly assigned to greater N grain export due to crop yield increments in NT (Table S1). Thus, the greatest N sequestration rate in NT R2 may result from: (i) greater CC biomass input to soil; (ii) greater N2 fixation, mainly by vetch, and in lesser magnitude by soybean; and (iii) reduced soil N leaching and gaseous loss, enhancing N use and cycling, as suggested by greater N-acetyl-glucosaminidase activity in NT soil (Table S1). These results are corroborated by Bayer et al. [116], who found that soil N sequestration rate (0–0.3 m depth) under oat + vetch/corn+cowpea rotation was 45 kg ha−1 year−1 greater in NT than in CT.



From an economic and environmental perspective, we highlight that NT R2 delivered the greatest soil N and SOC sequestration rate increments in relation to the baseline treatment (CT R0), and that these increments were positively related to soybean and maize yield increments (Figure 7b,c), confirming hypothesis “iii”. Average annual yield increment of NT R2 over CT R2 was 603 kg ha−1 (33%) for soybean and 993 kg ha−1 (20%) for maize (Figure 7b,c). According to equations in Figure 7b,c, soil C (0–90 cm depth) and N (0–100 cm depth) sequestration increments of 1 kg ha−1 corresponded to soybean yield increments of 1.2 and 7.4 kg ha−1, respectively. These findings reinforce, and moreover quantify the benefit of legume-based NT systems to enhance soil C and N sequestration rates and soybean and maize yields, as similarly reported by Calzarano et al. [120] to wheat in rotation with faba beans. Our data is thought to encourage NT farmers to adopt grass+legume CC instead of single grass CC, which is business as usual.





4. Conclusions


No-tillage increased the t1/2 of all CC residue types in relation to CT, especially of low-quality residue (oat). Nevertheless, mitigation of accumulated CO2-C emission by NT compared to CT increased as greater was the quality of the CC residue, oat (500 kg ha−1), oat + vetch (600 kg ha−1) and vetch (642 kg ha−1).



Compared to CT, NT reduced oat, oat + vetch and vetch residues decomposition by 44%, 37% and 67%, respectively, within the first 30 days decomposition. Within this period, NT reduced the total accumulated CO2-C emission in oat, oat + vetch and vetch by 78%, 81% and 77%, respectively, compared to CT. For vetch, the CO2-C emission in CT and MT was 68% and 77% greater compared to NT, respectively. Therefore, we suggest that vetch should be preferentially combined with NT, and that MT should be rethought as compaction alleviation method, especially when performed just after legume cultivation.



In relation to CT, NT increased the ACB in oat + vetch and vetch by 195% and 207%, respectively, and although these treatments did not differ from oat ACB (either under CT or NT), they may trigger off greater long-term SOC sequestration due to their lower C/N ratio. This was supported by greater long-term soil C and N sequestration rate increments (1985–2007) in NT R2 compared to all other treatments (assuming CT R0 as baseline). Soil C and N stock increments were positively related to long-term soybean and maize average yield increments. Soil C (0–90 cm depth) and N (0–100 cm depth) sequestration increments of 1 kg ha−1 delivered soybean yield increments of 1.2 and 7.4 kg ha−1, respectively.



Our findings indicate that intercropping of oat + vetch instead of oat alone as winter CC should be encouraged in NT systems since the combination of minimum soil disturbance with high-quality residue delivered greater soil C and N sequestration rates and soybean and maize yields, without promoting further CC-derived CO2-C emissions. These results may be complemented by studies dedicated to assess CO2-C emissions and N leaching within the complete crop rotation season.
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Figure 1. Temporal CO2-C emission for the total experimental period (124 days) and first 30 days after tillage (critical period) for cover crop types (ncc—no cover crop, oat, oat + vetch and vetch) within tillage systems: conventional tillage (a,b); minimum tillage (c,d); no-tillage (e,f). Negative values of days after tillage refer to days before tillage. Air temperature and rainfall along the experimental period are shown in all figures. Error bars are standard error of the mean (n = 4). 
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Figure 2. Accumulated CO2-C emission as affected by soil tillage system (conventional, minimum and no-tillage) and cover crop (ncc—no cover crop, oat, oat + vetch and vetch). Light, medium and strong colored bars correspond to the CO2-C accumulated in 15, 30 and 124 days of experiment, respectively. Value inside dark colored bar is the total accumulated CO2-C (124 days), and value outside the bar is the daily average CO2-C emission. Error bars are standard error of the mean (n = 4). Means of daily average or total accumulated CO2-C with the same letter across all treatments are not significantly different by the post-hoc comparison using the Tukey correction method (p ≤ 0.05). 
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Figure 3. Remaining biomass (% of the initial biomass) of oat, oat + vetch and vetch in the litter bags along 123 days as affected by conventional tillage (a) or no-tillage (b). Error bars are standard error of the mean (n = 4). * p < 0.01. 
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Figure 4. Half-life time (t1/2) of oat, oat + vetch and vetch residues as affected by conventional tillage (CT) or no-tillage (NT), and associated CO2-C emission reduction by NT in relation to CT. Error bars are standard error of the mean (n = 4). Means of t1/2 with the same letter across all treatments are not significantly different by the post-hoc comparison using the Tukey correction method (p ≤ 0.05). 
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Figure 5. Temporal evolution of cover crop residue decomposition and CO2-C emission, and net treatment CO2-C emission (red) or sequestration (blue) over 124 days after tillage as affected by: oat (a), oat + vetch (b), and vetch (c) in conventional tillage; and oat (d), oat + vetch (e), and vetch (f) in no-tillage. 
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Figure 6. Carbon input to the soil by cover crops (a), accumulated carbon emission derived from cover crops (b), carbon in the cover crop biomass remaining in the litter bags after 123 days of experiment (c), and apparent carbon balance (ACB) (d) as affected by tillage system: conventional tillage (CT) and no-tillage (NT) and cover crop type: oat, oat + vetch and vetch. Positive (+) and negative (-) ACB values refer to influx and efflux of carbon, respectively, according to Equation (3) (see Section 2.4). Error bars are standard error of the mean (n = 4). Means with the same letter across all treatments are not significantly different by the post-hoc comparison using the Tukey correction method (p ≤ 0.05). (a–c) are read in left “Y” axis, and figure (d) is read in right “Y” axis. * (a): significant effect of CC type (p < 0.0001); (b–d): significant effect of the interaction between tillage system and CC type, where p < 0.0050, p = 0.0323, and p < 0.0057, respectively. 
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Figure 7. Relationships between: soil carbon (C)1 and nitrogen (N)2 sequestration rate increments (a); soil C sequestration rate and soybean yield increments (b); and soil N sequestration rate and soybean yield increments (c), as affected by soil tillage system (conventional tillage—CT, no-tillage—NT) and crop rotations (R0, R1, R2). Maize yield in CT R2 and NT R2 as affected by soil C and N sequestration rates are shown in Figure 7b,c (right “Y” axis), respectively. Values of soil C (0–90 cm depth) and N (0–100 cm depth) sequestration rates and soybean and maize yield are averages of the period 1985–2007. Increments are calculated in relation to CT R0 (C sequestration rate = 6.00 Mg ha−1 year−1, N sequestration rate = 0.54 Mg ha−1 year−1, soybean yield = 2280 kg ha−1). R0—wheat/soybean; R1—wheat/soybean/black oat/soybean; and R2—black oat/soybean/black oat + common vetch/maize/oilseed radish/wheat/soybean. 1 Adapted from Nicoloso [38], 2 Adapted from Nicoloso et al. [41]. 
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Table 1. Cover crops aboveground dry biomass, carbon and nitrogen content and C/N ratio as affected by conventional tillage (CT), minimum tillage (MT) and no-tillage (NT).
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Tillage System

	
Cover Crop

	
Dry Biomass

	
Carbon

	
Nitrogen

	
C/N






	

	

	
-------------------------kg ha−1------------------------

	




	
CT 1

	
oat

	
6598 ± 75.6

	
2651 ± 30.4

	
78 ± 4.5

	
34.0




	
oat + vetch

	
6780 ± 67.4

	
2735 ± 33.0

	
116 ± 6.3

	
23.6




	
vetch

	
6401 ± 60.5

	
2569 ± 21.6

	
190 ± 6.6

	
13.5




	
MT 1

	
oat

	
6398 ± 52.4

	
2571 ± 35.7

	
75 ± 5.8

	
34.3




	
oat + vetch

	
6903 ± 72.1

	
2784 ± 28.9

	
118 ± 7.7

	
23.6




	
vetch

	
6525 ± 83.6

	
2619 ± 42.0

	
194 ± 9.4

	
13.5




	
NT 1

	
oat

	
6442 ± 69.7

	
2589 ± 26.9

	
76 ± 3.7

	
34.1




	
oat + vetch

	
6858 ± 81.1

	
2766 ± 19.4

	
117 ± 7.1

	
23.4




	
vetch

	
6498 ± 87.8

	
2608 ± 72.0

	
193 ± 8.6

	
13.5




	
Mean

(CT and NT) 2

	
oat

	
6521 ± 47.7 ab

	
2620 ± 19,1 b

	
77.0 ± 0.60 c

	
-




	
oat + vetch

	
6819 ± 73.6 a

	
2751 ± 29.7 a

	
117.0 ± 1.27 b

	
-




	
vetch

	
6450 ± 11.4 b

	
2589 ± 47.1 b

	
192.0 ± 3.49 a

	
-








1 Values are mean ± standard error of the mean (n = 4). 2 Values are mean ± standard error of the mean of CT and NT (n = 8). Cover crop dry biomass, carbon and nitrogen content were affected by cover crop type factor only (not by tillage system or by the interaction between tillage system and cover crop type). Means of MT system were not included in the statistical analysis. Means of dry biomass, carbon and nitrogen content with the same letter are not significantly different by the post-hoc comparison using the Tukey correction method (p ≤ 0.05).
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