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Abstract

:

Conservation agriculture (CA), comprising of minimum soil disturbance and crop residue retention (>30%), with a diversified cropping system, has become increasingly popular around the world. It is recognized as a sustainable practice to improve soil health by augmenting key soil properties. However, scanty information exists about the effect of CA practices on soil organic carbon (SOC), aggregation and greenhouse gas emissions (GHG) in a vertisol. Thus, this study investigated the effect of CA practices on SOC, soil aggregation and GHG emission under soybean-wheat and maize-chickpea cropping systems in a vertisol in Central India. Treatment consisted of three different tillage practices, being conventional tillage (CT), reduced tillage (RT), and no tillage (NT) under four cropping systems viz., Soybean–Wheat, Soybean + Pigeon pea (2:1), Maize–Chickpea and Maize + Pigeon pea (1:1). Regardless of cropping system, the soil under NT and RT exhibited better aggregation (20.77 to 25.97% increase), and SOC (12.9 to 19.4% increase) compared to the CT practice in surface layers. The aggregate-associated C concentration increased with aggregate size, and it was highest with large macroaggregates and lowest with silt and clay fractions across different tillage and cropping systems. Higher SOC stock was recorded under NT (4.22 ± 0.133 Mg C/ha) compared to RT (3.84 ± 0.123 Mg C/ha) and CT (3.65 ± 0.04 Mg C/ha) practices at 0 to 5 cm depth. Thus, the adoption of CA practices reduced CO2 emissions, while also contributing to increases in SOC as well as improvement in soil structure.
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1. Introduction


Soil is one of the most vital natural resources as it regulates hydrological, bio-geochemical, and sediment cycles [1,2]. Soil plays an important role in agricultural production, eco-system services, climate change mitigation and human development [3,4]. As a consequence, the United Nations has emphasized the importance of soils in fulfilling the Sustainable Development Goals (SDGs) as it closely linked with 7 out of 17 SDGs [2].



Soil organic matter (SOM) is an important indicator of soil quality in tropical agricultural systems where fertility degraded/nutrient depleted and highly weathered soils are managed with little external input addition [5,6]. Various farm management practices, namely tillage, mulching, crop residue retention and the use of organic and synthetic fertilizers, have a significant impact on SOM dynamics [7,8,9,10]. Conservation agriculture (CA) based tillage practices such as no-tillage (NT) and minimum/reduced tillage (RT) significantly improve SOC as compared to conventional tillage practices [11,12,13,14,15]. CA farming has become increasingly popular around the world (approximately 180 million ha of cropland, or ~12.5% of total global agricultural area in 2015/16) [16,17,18]. The CA is a sustainable farming system that includes NT, RT, residue retention over soil surface (>30%) and crop rotations, including cover crops [19]. These practices together aimed to increase crop yields by increasing many regulating and supporting ecosystem services with a minimum cost [20]. The CA practices reduce environmental degradation, enhance soil quality [6,14], increase crop yields, and lower cost of cultivation [17,18].



The CA has the ability to reduce the loss of SOC from the soil profile by reducing the turnover rate of macro-aggregates, enhancing the physical protection of particulate organic matter, and minimizing microbial attack [21,22]. In coarse textured soils, under NT, macro-aggregates (particle size > 0.25 mm) and mean weight diameter (MWD) were found to be larger than under CT [23]. Many researchers reported that CA practices/tillage methods significantly influence on water retention, pore size distribution, aggregate size distribution, aggregate stability [24,25,26,27], aggregate associated C and SOC [17,28,29]. Moreover, increasing crop residue addition can potentially improve higher SOC storage in CA systems [9,10,30,31]. However, in the areas where crop residue production is minimal, such as due to low soil fertility or soil constraints, residue retention may be insufficient to positively influence SOC storage [20,32]. Soil fertility and crop management practices, such as reducing tillage operations, crop-residue retention/addition, manuring, increasing soil aggregation, and types of mulching, play a crucial role in sequestering C in soil [7,24].



Agricultural activities/ecosystems often play an important role in sink and source of greenhouse gas (GHG) emission, specifically CO2 [24,33,34]. Agricultural soil is estimated to be one of the largest sources of global GHG emissions, accounting for ~24% of total anthropogenic GHGs on a global scale [15,35]. In the last few decades there were reports indicating higher emission of GHG gases viz., carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O), due to intensive tillage and cropping practices, excessive fertilization, etc. [33,36]. The emission of GHG from soil is a complex and interactive process between physico-chemical and biological properties of soil, land use management and climatic parameters [37]. Soil properties including soil texture, aggregates and their distribution, porosity, hydro-thermal regimes, pH, EC, redox potential and SOC greatly influence on GHG emissions [38,39,40]. The rate of SOC decomposition and the resulting GHG emissions are also affected by its distribution in aggregates and their chemical properties [41]. Soil aggregation and pore size distribution can have a direct impact on GHG emissions, which can have global warming consequences [42,43].



Although plenty of information is available on the impact of land use management on GHG emission under irrigated and flooded ecosystems, a field study is considered to be the best way to answer the question of how tillage and cropping system affects soil aggregates distribution and associated carbon, carbon stock and GHG emission in a rainfed region. We hypothesized that the soil under NT practice will have higher SOC stock and better aggregation than that under CT practice. Further, GHG emissions will be lower under NT due to higher SOC sequestration than the CT practice. The main objective of this study was to investigate the effects of different tillage and cropping systems on SOC stocks, soil aggregation and GHG emissions under different tillage and cropping systems in a vertisol in Central India.




2. Materials and Methods


2.1. Study Site and Climatic Conditions


The experiment was carried out in 2018 at the research farm of Indian Council of Agricultural Research (ICAR)-Indian Institute of Soil Science, Bhopal, India (23°18′ N, 77°24′ E, 485 m elevation) (Figure 1). The experimental site has a sub-humid tropical climate. The study region receives on average of 1080 mm with a mean air temperature of 25 °C. The soil of the study site is classified as a deep clayey vertisol (vertisol, Isohyperthemic, Typic Haplustert). Initial soil characteristics of the study site during 2011 are given in Table 1. Soil of the study site was characterized with neutral to alkaline (pH 7.9) in soil reaction, low electrical conductivity 0.14 dS m−1, and clay in texture. The soil was characterized as low, low to medium and high status in available nitrogen (N), phosphorus (P) and potassium (K), respectively, whereas SOC was characterized as low to medium status. It was observed that major available nutrients decreased with increasing soil depth.




2.2. Treatment Details


The experiment was initiated in 2011 in a split plot design. The main plots (40 m long × 25 m wide) consisted of three tillage practices: no-tillage (NT), reduced tillage (RT) with retention of crop residue, and conventional tillage (CT), and the subplots (10 m long × 5 m wide) consisted of four cropping systems, Soybean (Glycine max L.)–Wheat (Triticum aestivum L.), Soybean + Pigeon pea (Cajanus cajan L.), Maize (Zea mays L.)–Chickpea or gram (Cicer arietinum L.), and Maize + Pigeon pea. Pigeon pea was a long duration crop which was intercropped with either soybean or maize. All the treatments were replicated thrice, and the experiment field has gentle slope of <1%. Before the start of this experiment, the study site was under an arable cropping system; soybean and pigeon pea during rainy season (Kharif), and wheat and chickpea was the winter (Rabi) crop. The nutrient requirement of the crop was fulfilled via an application of recommended doses of fertilizers (soybean 30:60:30; pigeon pea 30:60:60; wheat 120:60:40; maize 120:60:40 and chick pea 40:60:30 of N: P2O5: K2O kg ha−1, respectively), which were applied during each cropping season.




2.3. Soil Sampling, Processing and Analysis


Different soil properties were measured during the 7th year crop cycle. The bulk density at different depths (0–5, 5–10 and 10–15 cm) was measured by a core sampler. Soil samples were collected randomly from 2–3 locations of each plot after a harvest of the crops, and composited for each plot. After removing visibly seen large plant materials and stones, the samples were air-dried, crushed, and passed through a 2 mm sieve and stored for analysis. Before processing, sub-samples were also taken separately from the bulk soil and sieved through a 4 mm sieve. For analysis of aggregate stability and size distribution, soil retained on the sieve (4 mm) was used in the study. A wet sieving method was used to determine the water-stable aggregates in the soil [44] and the MWD was calculated using van Bavel’s formula [45]. The percentage of water stable aggregates (WSA) greater than 250 µm of the total soil mass (after sand correction) was also calculated. In wet sieving, the soil retained in set of sieves of various diameters was divided into four categories: (i) large macroaggregates (LM) of > 2000 μm, (ii) small macroaggregates (SM) of > 250–2000 μm, (iii) microaggregates of (Mi) of > 53–250 μm) and (iv) silt + clay (S+C) of < 53 μm and soil and aggregate fractions were dried at 45 °C in the oven. The SOC concentration of the soil samples and the aggregates was determined following the wet digestion method by Walkley and Black [46]. A one gram sample was digested with 10 mL potassium dichromate (K2Cr2O7) and 20 mL conc. H2SO4 in the dark condition for 30 min and titrated with 0.5 N ferrous ammonium sulphate using diphenylamine indicator. The SOC stock was calculated from the SOC concentration and the bulk density of the soil.




2.4. Gas Sampling and GHG Flux Measurement


The protocol for gas sampling and analyses including gas chamber dimensions are given in Tirol-Padre et al. [35]. Briefly, gas samples were withdrawn at regular intervals throughout the chamber deployment. At a minimum, 4 time points were obtained for flux calculation: 0 min, 15 min, 30 min and 60 min. Sampling was conducted by means of inserting a syringe into the chamber septa, pumping up and down the syringe 2–3 times and the slowly taking the gas sample. Generally, 20 to 30 mL gas samples were collected and immediately transferred to a previously evacuated glass vial sealed with a septum.



The CO2, N2O and CH4 concentrations in the collected samples were determined by using gas chromatograph (model 7890A, Agilent Technology, Santa Clara, California, U.S.). The CO2 concentration was determined with a thermal conductivity detector (TCD), N2O concentration was determined with an electron capture detector (ECD) and CH4 concentration was determined with a flame ionization detector (FID). Since CH4 concentrations were very low, only the CO2 and N2O fluxes are reported. The CO2-C/N2O-N fluxes from fields were calculated using the following equations 1 and 2, respectively:


The CO2-C flux (mg m−2 h−1) = (∆X × EVB(STP) × 12 × 103 × 60)/(106 × 22400× t × A)



(1)






The N2O -N lux (microg m−2 h−1) = (∆X × EVB(STP) × 14 × 106 × 60)/(106 × 22400× t × A)



(2)




where, ∆X= difference in flux value between 30 min and 0 min (converted to mg m−2 h−1 or microg m−2 h−1 based on the standard CO2 or N2O values, respectively.




	
Box volume (V) = height of the box × length of the box × breadth of the box



	
Effective box volume (EVB) = V mL = V1 mL



	
Effective box volume at STP (EVBSTP) = (V1 × t1)/t2



	
Where, t1 273 °K; t2 = temperature at the time of 30 min flux taken



	
A = cross section area of the box = (length of the box × breadth of the box)



	
T = time difference of flux recorded = (30–0) min = 30 min









2.5. Statistical Analysis


Data obtained from all the measurements were statistically analysed by applying R software (Agricolae package) for the split-split plot design. The least significant difference values at p < 0.05 were obtained to test the significance of treatments difference.





3. Results


3.1. Soil Bulk Density


The soil bulk density (BD) values at 0–5, 5–10 and 10–15 cm depths during the 7th year crop cycle are shown in Table 2. The BD was significantly different among tillage and cropping systems at different soil depths. Irrespective of the tillage system, the top soil layer (0–5 cm depth) recorded lower BD values; as the soil depth increased BD values were also increased. Among different tillage systems, RT and NT recorded lower BD compared to the CT system after 7 crop cycles. Among different cropping systems, the lowest BD (1.13 Mg m−3) was recorded in maize-chickpea cropping system under NT but it was similar to other cropping systems except the maize + pigeon pea system (1.19 Mg m−3). However, the significantly higher BD (1.19 Mg m−3) was recorded under the CT in maize-Chickpea than NT and RT and also in NT under maize + pigeon pea cropping system than CT and RT. At 5–10 cm depth, higher BD was observed under the NT into soybean + pigeon pea (2:1) cropping system (1.29 Mg m−3) followed by CT and RT under similar cropping system (1.23 Mg m−3 and 1.15 Mg m−3, respectively). At 5–10 to 10–15 cm depth, a similar trend was observed, i.e., NT plot showed highest BD (1.30 Mg m−3) under soybean + pigeon pea (2:1) cropping system whereas RT recorded lowest BD value (1.16 Mg m−3) under the same cropping system. Further, we observed that there was an increase in soil BD with depth, regardless of all cropping systems and tillage. Moreover, the interaction effects of tillage system (TS) × cropping system (CS), tillage system × depth (D) and T × CS × D on BD values were significant. The soybean based cropping system under RT practice at both 0–5 cm and 5–10 cm depths had the lowest BD values (Table 2).




3.2. Aggregate Size Distribution


The effect of different tillage and cropping systems on aggregate size distribution (%) at 0–5 cm soil depth is presented in Supplementary Figure S1. The percentage of Mi was the highest, followed by SM; however, the LM and S+C, each comprised of ≤10% at 0–5 cm depth. The distribution of M under different tillage systems of CT, RT and NT were 45.94–49.49%; 45.56–48.76%; 42.65–47.26%, respectively, and the corresponding values for SM were 32.54–35.53%; 35.19–36.89%; 36.51–38.16%, respectively. The LM under different tillage of CT, RT and NT were 7.61–8.20%; 7.37–9.61%; 8.31–10.74% and the corresponding values for S+C were 8.85–10.82%; 7.49–9.31%; 8.34–10.16%, respectively. The LM was significantly affected by the tillage system at 0–5 cm depth, and recorded in the order: NT > RT > CT. The SM and M showed no significant differences among tillage systems. The tillage system had a significant effect on SM and M, whereas LM and S+C were not affected at 5–15 cm depth. At 15–30 cm depth, tillage had no significant effect on aggregate size distribution.




3.3. Mean Weight Diameter


The mean weight diameter (MWD) under different tillage and cropping systems is shown in Supplementary Figure S2. The MWD value decreased with soil depth. Tillage, cropping system and soil depth had a significant interaction effect (p < 0.05) on MWD. Across the different tillage practices, NT had larger MWD (0.97 mm) followed by RT (0.93 mm) and CT (0.77 mm). The cropping system under RT and NT recorded higher MWD at 0–5 cm depth; the higher MWD was for maize-chickpea (1.04 mm) and the lowest for maize + p. pea (0.87 mm) under NT. Similarly, we observed the largest MWD for maize-chickpea (0.97 mm) and the smallest MWD for soybean + p. pea (0.85 mm) under RT at 0–5 cm depth. Under the CT practice, the largest MWD was recorded for maize + p. pea (0.83 mm) and smallest MWD for maize–chickpea (0.72 mm). At lower depths (5–15 cm and 15–30 cm), soil aggregation is decreased with depth. At 5–15 cm depth, the RT and NT recorded almost similar MWD value (0.91 mm) but higher than CT.




3.4. Water Stable Aggregates


The water stable aggregates (WSA, %) under different tillage and cropping systems at different soil depths are presented in Supplementary Figure S3. The percent WSA were significantly (p < 0.05) influenced by tillage and soil depth and their interaction. In the tillage system, results indicated that WSA (%) was recorded in the order of NT > RT > CT regardless of depths. We observed that the NT (71.26%) and RT (69.84%) had significantly larger WSA as compared to CT (60.88%) at the surface layer (0–5 cm depth). The WSA were decreased with increasing depth, irrespective of tillage and cropping system. The highest WSA was observed in maize-chickpea (72.71%) under NT, and the smallest was in soybean-wheat (60.34%) under CT at 0–5 cm depth. We observed that the interaction effect of tillage × cropping system and tillage × depth was significant (p < 0.05) at all soil depths.




3.5. Soil Organic Carbon (SOC)


The SOC concentrations under different tillage and cropping systems during the 7th year of experimentation are shown in Table 3 and Supplementary Figure S4. In general, the concentration of SOC decreased with increasing depth. The SOC concentration was significantly affected by different tillage practices and cropping systems. The SOC concentration for the NT, RT and CT was 0.74, 0.70 and 0.62% at 0–5 cm depth, respectively; and the corresponding values for the 5–15 cm and 15–30 cm were 0.61, 0.62, 0.56%; and 0.56, 0.54 and 0.49%, respectively. The soil under NT recorded significantly higher SOC concentration (0.74%) than RT (0.70%) and CT (0.62%) at 0–5 cm depth, whereas at the lower depths (i.e., 15–30 cm) tillage systems did not have any significant effect.



The cropping systems had a significant effect on SOC concentration. Among the cropping systems compared, the maize + p. pea recorded significantly higher SOC (0.75%) under NT than soybean–wheat and maize-chickpea (0.73%) at 0–5 cm depth; almost similar trends were observed under RT. Whereas, under CT, almost all the cropping systems recorded similar SOC concentrations (i.e., 0.62–0.63%). At 5–15 cm depth, the highest SOC was observed in NT soybean-wheat (0.64%) and the lowest in maize + p. pea (0.57%). At 15–30 cm depth, SOC concentrations in soybean-wheat (0.64%) and maize-chickpea (0.64%) were significantly higher under NT than CT. We observed a significant interactive effect between tillage × cropping system × soil depth.




3.6. Aggregate Associated Carbon


Aggregate associated C concentrations at different soil depths under different tillage and cropping systems are presented in Table 4. We observed that C concentration increased with aggregate size and it was in the order of LM > SM > M > S+C. Overall, LM had the highest aggregate C but S+C had the lowest aggregate associated C across different tillage and cropping systems. Tillage and cropping systems did not have significant effect on aggregate associated-C. However, soil depth was found to have a significant effect on all aggregate-associated C concentrations. Similarly, the interaction effect between the cropping system × depth was significant for LM-C. In the NT, we observed a higher C in LM aggregate under soybean + pigeon pea at 0–5 cm (0.61 %) and 5–15 cm depths (0.59%). A similar trend was observed for the SM aggregate C.




3.7. SOC Stocks


The amount of SOC stock was significantly affected by different tillage practices and cropping systems (Supplementary Figure S5). The values of SOC stock for CT, RT and NT varied from 3.54 to 3.76 Mg C/ha (3.65 ± 0.04 Mg C/ha), 3.58 to 4.14 Mg C/ha (3.84 ± 0.123 Mg C/ha) and 3.90 to 4.48 Mg C/ha (4.22 ± 0.133 Mg C/ha) at 0–5 cm depth, respectively; and the corresponding values at 5–15 cm depth were 9.69 to 10.87 Mg C/ha, 9.30 to 12.28 Mg C/ha; 10.47 to 11.68 Mg C/ha, respectively. Irrespective of soil depths, a higher SOC stock was recorded under NT compared to RT and CT practices. The NT recorded significantly higher SOC stock (11.35 ± 0.29 Mg C/ha) than RT (10.43 ± 0.67 mg C/ha) and CT (10.10 ± 0.26 Mg C/ha) at 5–15 cm depth, whereas at the lower depths (i.e., 15–30 cm) tillage systems did not have any significant effect on the SOC stock.



Among the various cropping systems evaluated, maize + p. pea (1:1) had a significantly higher SOC stock (4.48 Mg C/ha) under NT, however, maize–chickpea recorded lower SOC stock (3.90 Mg C/ha) at 0–5 cm depth; similar trends were observed under RT. Whereas, under CT, all the cropping systems recorded a similar SOC stock (i.e., 3.54 to 3.76 Mg C/ha). At 5–15 cm depth, the highest SOC stock was recorded in RT maize-chickpea (12.28 Mg C/ha) and the lowest in maize + p. pea (9.30 Mg C/ha). At 15–30 cm depth, maize-chickpea (20.60 ± 0.25 Mg C/ha) recorded a significantly higher SOC stock under RT compared to the other cropping systems under RT. The SOC stock under RT was significantly higher than NT and CT. Results reveal that the SOC content was higher at the surface (0–5 cm) and decreased with depth. Results highlight that the interactive effect between tillage and cropping systems and soil depth was significant for SOC stock.




3.8. Greenhouse Gas Fluxes


The temporal variation in mean greenhouse gases (CO2 and N2O) in flux under different tillage and cropping systems in a vertisol in central India is given in Supplementary Table S1. Mean data indicated that the soybean-wheat system recorded higher CO2 (19.72–25.83 mg m−2 h−1) than the maize-chickpea system (14.46–21.83 mg m−2 h−1), regardless of tillage practice. In early July, the CT recorded higher CO2 flux (9.17–25.83 mg m−2 h−1) compared to NT and RT. However, in the second sampling (29 July 2017), we did not observe such a trend. During the third sampling (24 August 2017), inconsistent results were observed irrespective of tillage and cropping systems. During October, the NT recorded a higher CO2 flux (3.05–37.87 mg m−2 h−1) compared to RT (10.27–22.85 mg m−2 h−1) and CT (6.82–31.83 mg m−2 h−1).



Perusal of N2O-N fluxes across four sampling dates indicated that low fluxes of N2O were observed irrespective of cropping system and tillage practices. In this study, negative fluxes show the uptake by the soil, while positive fluxes demonstrate net emission from the soil. Barring maize-chickpea systems during the July sampling date, other cropping systems recorded net negative flux of N2O. The NT during the second sampling and CT and RT during the third sampling (29 August 2017) recorded net positive emission. A similar trend was observed in the October sampling with little variations.





4. Discussion


The soil both under NT and RT at 0–5 cm depth had a slightly lower bulk density than the CT practice. Soil BD under the CT practice was higher due to repeated field operations while the soil under NT and RT practices possibly was repaired due to NT or RT (minimum soil disturbances) practices as well as the presence of crop residues on the soil surface, which contributed to the increase in organic matter, thus regained its structural stability and restored the pore space [47]. The lower BD of the CT treatment at the 5–10 cm depth reflects the loosening effect of this tillage treatment compared to the NT and RT practices. Blanco-Canqui and Ruis [1] analyzed meta data from 62 studies and found that NT can either increase or decrease soil BD, depending on the duration of field experiment. Our study results are in congruence with Sinha et al. [6], who have reported that a cropping system which incorporated more crop residues resulted in a lower BD compared to a cropping system which adds minimum crop residue to the soil surface.



Soil aggregation improved under the NT and RT practices, due to less soil disturbances and the addition/retention of crop residue compared with CT. In general, CA practices improve soil aggregation by reducing soil disturbance due to the avoidance/minimising of tillage as well as the residue retention [21,25,28,48]. Repeated soil disturbances through tillage operations favours a breakdown of aggregates coupled with less residue addition, which leads to lower MWD/soil aggregation under CT. Crop residue addition under NT and RT provides a C source for microbial activity, and also acts as nucleation centres for aggregation through increased microbial activity, and favours the gluing of residue and soil particles into macro-aggregates [17,18,28]. Sundermeier et al. [29] reported a higher aggregate stability under long-term adoption of NT practice of 23 (35%) and 44 years (45%) compared to CT. Similarly, Devine et al. [49] found that 30 years of continuous adoption of NT enhanced aggregate stability compared to CT at surface layer (0–5 cm depth).



High MWD and WSA were observed under the NT practice due to residue addition, higher SOC and minimal soil disturbances [50,51,52,53]. Chen et al. [23] also reported that crop residues retention helps in binding of soil particles and residue led to the formation of macro-aggregates. We reported that cereal-based cropping systems, namely maize-chickpea and soybean-wheat had a pronounced effect on soil aggregation (MWD). Moreover, in this study, the interaction effect of tillage and cropping system also favoured soil aggregation (MWD and WSA). Frequent soil disturbances through intensive tillage operations coupled with less or minimum crop residue addition under CT have led to poor soil aggregation (MWD) [21,51]. Our study results corroborated with several studies have reported a higher soil aggregation under NT compared with CT at 10 cm depth [28,29].



Tillage and cropping systems enhanced C in the LM and SM aggregates. Our results are in congruence with those of Bhattacharya et al. [52] who in their 6 year study of NT plots recorded significantly higher C in all aggregate sizes than under CT and CT-NT at 0–5 cm depth. Moreover, higher organic C concentration was observed with an increase in the size of aggregates [53,54]; the higher SOC concentration in the macro-aggregates was because the residue and microbial necromass (particulate organic C) provided the nuclei of aggregate formation to become the occluded C within macroaggregates, which was less accessible to microbial decomposition. Many researchers have reported that LM had higher aggregate-C and aggregate-N than other size fractions, regardless of tillage treatments [28,51]. In comparison to NT and RT, CT recorded less C in aggregate due to frequent soil disturbances through tillage which favours aggregate breakdown and decomposition of SOC. Pinheiro et al. [55] also reported that the continuous use of CT has led to a decreased aggregate size due to frequent disturbance of macro aggregates and potentially exposed SOM to microbial attack/decompostion. Under NT, soil aggregation improved as compared to RT and CT practices. Higher SOC contents in macro-aggregates were due to the addition of crop residues and root biomass favour microbial biomass, particularly fungal hyphae within macro-aggregates [10]. This process not only enhances C content but also promotes physical protection of aggregates [9,56]. Our results support that the occurrence of more C in large and small macro-aggregates with short-term adoption of conservation management improved soil microbial composition and community due to presence of crop residue [57,58].



The higher SOC in the surface soil was ascribed due to crop residue addition and relatively less soil disturbance under NT and RT [59]. Moreover, high SOC stocks under RT and NT were due to continuous residue addition as well as minimum soil disturbances under these treatments [28,29,55]. This indicates better soil quality under NT compared to CT practices as organic matter enrichment in the surface layer is necessary to water infiltration, conservation of nutrients and erosion control [6,21,52]. In addition, the organic matter underneath the surface layer was due to previous crops roots, which is undisturbed and prevents accelerated decomposition under CA treatments. These could be the possible reason for the increase in organic C in the upper layers of the soil. Our results are in agreement with the findings of Abid and Lal [60], Mando et al. [61] and Li et al. [62] who have reported a higher SOC concentration under NT than that under CT practice. Unlike conservation tillage (RT and NT), CT operation consists of intensive repeated tillage which exposes this protected organic matter and enhances its decomposition that leads to a reduction in soil C [63]. Chen et al. [23] reported that C input can be increased, and slowed down the decomposition process by appropriate residue management techniques under RT and/or NT practices. Several other researchers had also reported that higher SOC concentration in the soil surface following long term NT and RT practices as compared to CT [64,65]. The decomposition of soil organic matter such as residues and litters are the main cause for CO2 emissions from soil [3]. In addition, microbial populations use reduced carbon (C) as an energy source, which accounts for a higher proportion of CO2 emissions from the soil under agricultural systems. However, this CO2 often has a neutral effect on atmospheric CO2 levels, and often C is sequestered in the soil for longer period via appropriate management practices. Moreover, the soil is neither a source nor a sink of CO2 when a soil is at equilibrium with respect to SOC concentrations. This was ascribed to CT facilitating/exposing more soil organic C for decomposition due to a greater mixing of soil and residue coupled with high soil temperatures. The NT or RT can maintain higher soil moisture levels and surface SOM compared to highly intensive CT practices. Mu et al. [66] reported that the joint application of mineral fertilizers and manure did not influence CO2 emission (p > 0.05) compared with the application of mineral fertilizer only.



N2O is mostly formed via denitrification processes in the soil. In this process, denitrifying bacteria (facultative anaerobes) played a significant role, and can survive both under aerobic and anaerobic conditions. Some research has shown that NT results in higher emissions of N2O compared to conventional/intensive tillage systems [67]. However, some studies reported that NT produces less N2O than CT (i.e., moldboard plow or chisel tillage) [68]. We observed that N2O flux was very low under rainfed situations; this was probably due to low moisture content, which may limit the microbial denitrification activities. Our results were in accordance with Maag and Vinther, [69] and Mu et al. [66] who have reported that low N2O emissions were due to low moisture levels. Similarly, Linn and Doran [70] reported low soil moisture (water filled pores space (WFPS), 22 to 45%) may be possible reason for the low N2O fluxes. In contrast, Halvorson et al. [71] and Koga et al. [72] reported higher N2O emissions under NT compared to CT. This was ascribed to the residue left on the surface by NT and/or RT practice, which kept the soil wetter and provided energy to the denitrifying microorganisms [73]. Moreover, results of the study further highlight that continuous monitoring of gas emissions is necessary to draw a reasonable conclusion.




5. Conclusions


Study findings demonstrated that conservation agriculture practices i.e., no-tillage and reduced tillage with crop residue retention had a positive effect on SOC, soil aggregation and C in aggregates under soybean and maize based cropping systems in a vertisol in Central India. Cropping systems also played a significant role in CA management practices, viz. soybean-wheat, maize-chickpea, which had more residue incorporation than other cropping systems under RT and NT. Results revealed that a combination of tillage (i.e., NT and RT) and residue retention had higher emissions of CO2 and N2O under CA practices compared to CT. From a SOC management perspective, CA-based system (NT, residue retained, rotation) should be scaled up to prevent soil degradation through the SOC build-up while increasing crop productivity to ensure farmers’ long-term profitability and sustainability.
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Figure 1. Location map of the study area. 
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Table 1. Physical and chemical properties of initial experimental soil sample.
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Soil Parameters

	




	

	
0–5 cm

	
5–15 cm

	
15–30 cm

	
30–45 cm






	
Soil texture

	

	
Clay soil




	
Sand (%)

	
22




	
Silt (%)

	
20




	
Clay (%)

	
58




	
pH

	
7.94

	
7.77

	
8.00

	
7.94




	
EC (dSm−1)

	
0.14

	
0.14

	
0.15

	
0.14




	
OC (%)

	
0.64

	
0.54

	
0.52

	
0.46




	
N (kg ha−1)

	
256.8

	
227.9




	
P (kg ha−1)

	
22.46

	
16.48

	
14.85

	
16.63




	
K (kg ha−1)

	
582.28

	
569.46

	
519.06

	
492.92




	
TC (%)

	
1.05

	
0.94

	
0.88

	
0.80
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Table 2. Effect of different tillage and cropping systems on soil bulk density (Mg m−3).
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	Tillage System
	Cropping System
	0–5 cm
	5–10 cm
	10–15 cm





	CT
	Soybean + P. Pea
	1.20 a
	1.23 bc
	1.24 bc



	
	Soybean − Wheat
	1.14 b
	1.22 b
	1.22 e



	
	Maize + P. Pea
	1.15 b
	1.18 d
	1.23 de



	
	Maize − Chickpea
	1.19 a
	1.22 b
	1.26 b



	
	Mean
	1.17 A
	1.21 A
	1.23 B



	RT
	Soybean + P. Pea
	1.12 c
	1.15 d
	1.16 f



	
	Soybean − Wheat
	1.13 bc
	1.17 d
	1.22 e



	
	Maize + P. Pea
	1.13 bc
	1.18 bc
	1.25 bc



	
	Maize − Chickpea
	1.17 b
	1.22 b
	1.24 de



	
	Mean
	1.13 C
	1.18 C
	1.21 C



	NT
	Soybean + P. Pea
	1.18 a
	1.29 a
	1.30 a



	
	Soybean − Wheat
	1.13 bc
	1.21 bc
	1.21 de



	
	Maize + P. Pea
	1.19 a
	1.23 bc
	1.29 a



	
	Maize − Chickpea
	1.17 b
	1.21 bc
	1.25 bc



	
	Mean
	1.16 B
	1.23 A
	1.26 A



	
	Grand Mean
	1.15
	1.21
	1.24



	Experimental Test
	
	
	
	



	Tillage System (T)
	***
	
	
	



	Cropping system(CS)
	***
	
	
	



	Soil depth(D)
	***
	
	
	



	T × CS
	***
	
	
	



	T × D
	***
	
	
	



	CS × D
	***
	
	
	



	T × CS × D
	***
	
	
	



	LSD tillage(0.05)

LSD Cropping System(0.05)

LSD Depth(0.05)
	0.005

0.012

0.009
	
	
	







*** Significant at 0.1% level. A different small letter a–f in a column indicates significant difference among the cropping treatments, however, a different capital letter A–C in a column indicates a significant difference among the tillage treatments.
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Table 3. Effect of different tillage and cropping system on soil organic carbon (SOC) (%) at different soil depths.
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	Tillage System
	0–5 cm
	5–15 cm
	15–30 cm
	Mean





	CT
	
	
	
	



	Soybean + P. Pea
	0.63 e
	0.53 f
	0.52 c
	0.56



	Soybean − Wheat
	0.62 e
	0.54 ef
	0.47 de
	0.55



	Maize + P. Pea
	0.63 e
	0.61 c
	0.52 c
	0.59



	Maize − Gram
	0.62 e
	0.55 e
	0.46 e
	0.54



	Mean
	0.62 C
	0.56 C
	0.49 C
	0.56



	RT
	
	
	
	



	Soybean + P. Pea
	0.70 c
	0.66 a
	0.56 b
	0.64



	Soybean − Wheat
	0.67 d
	0.62 ef
	0.55 b
	0.61



	Maize + P. Pea
	0.71 c
	0.53 f
	0.51 c
	0.58



	Maize − Gram
	0.71 c
	0.67 a
	0.55 b
	0.64



	Mean
	0.70 B
	0.62 B
	0.54 B
	0.62



	NT
	
	
	
	



	Soybean + P. Pea
	0.74 ab
	0.60 c
	0.55 b
	0.63



	Soybean − Wheat
	0.73 b
	0.64 b
	0.64 a
	0.67



	Maize + P. Pea
	0.75 a
	0.57 d
	0.55 b
	0.62



	Maize − Gram
	0.73 b
	0.64 b
	0.48 d
	0.62



	Mean
	0.74 A
	0.61 A
	0.56 A
	0.64



	Tillage System(T)
	
	***
	
	



	Cropping system(CS)
	
	*
	
	



	Soil depth(D)
	
	***
	
	



	T × CS
	
	***
	
	



	T × D
	
	***
	
	



	CS × D
	
	***
	
	



	T × CS × D
	
	***
	
	



	LSD tillage(0.05)
	
	0.010
	
	



	LSD Cropping System(0.05)
	
	0.006
	
	



	LSD Depth(0.05)
	
	0.005
	
	







* Significant at 5% level. *** Significant at 0.1% level. A different small letter a–f in a column indicates significant difference among the cropping treatments, however, a different capital letter A–C in a column indicates a significant difference among the tillage treatments.
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Table 4. Effect of different tillage and cropping systems on aggregate associated C concentration (%) at different soil depths.






Table 4. Effect of different tillage and cropping systems on aggregate associated C concentration (%) at different soil depths.





	

	

	
LM-C

	
SM-C

	
Mi-C

	
Si+C-C




	
Tillage

	
Cropping System

	
Depth (cm)

	
Depth (cm)

	
Depth (cm)

	
Depth (cm)






	

	

	
0–5

	
5–15

	
15–30

	
0–5

	
5–15

	
15–30

	
0–5

	
5–15

	
15–30

	
0–5

	
5–15

	
15–30




	
CT

	
Soybean + P. Pea (2:1)

	
0.51 ab

	
0.51 abcd

	
0.46 abc

	
0.47 a

	
0.39 a

	
0.39 ab

	
0.42 a

	
0.35 a

	
0.30 ab

	
0.32 ab

	
0.22 a

	
0.21 a




	

	
Soybean − Wheat

	
0.50 ab

	
0.41 cd

	
0.34 bc

	
0.40 a

	
0.39 a

	
0.41 ab

	
0.37 a

	
0.36 a

	
0.36 ab

	
0.29 abc

	
0.23 a

	
0.23 a




	

	
Maize + P. Pea (1:1)

	
0.44 ab

	
0.35 d

	
0.53 ab

	
0.40 a

	
0.43 a

	
0.40 ab

	
0.38 a

	
0.37 a

	
0.39 a

	
0.33 ab

	
0.28 a

	
0.31 a




	

	
Maize − Chickpea

	
0.57 a

	
0.52 abcd

	
0.45 abc

	
0.49 a

	
0.46 a

	
0.40 ab

	
0.39 a

	
0.36 a

	
0.32 ab

	
0.34 a

	
0.20 a

	
0.29 a




	

	
Mean

	
0.51 A

	
0.45 A

	
0.45 A

	
0.44 A

	
0.42 A

	
0.40 A

	
0.39 B

	
0.36 A

	
0.34 A

	
0.32 A

	
0.23 A

	
0.26 A




	
RT

	
Soybean + P. Pea (2:1)

	
0.50 ab

	
0.43 bcd

	
0.46 abc

	
0.45 a

	
0.40 a

	
0.43 ab

	
0.39 a

	
0.35 a

	
0.34 ab

	
0.21 bc

	
0.30 a

	
0.28 a




	

	
Soybean − Wheat

	
0.52 a

	
0.55 abc

	
0.33 c

	
0.43 a

	
0.39 a

	
0.43 a

	
0.35 a

	
0.35 a

	
0.36 ab

	
0.29 abc

	
0.23 a

	
0.22 a




	

	
Maize + P. Pea (1:1)

	
0.53 b

	
0.53 abc

	
0.53 ab

	
0.40 a

	
0.44 a

	
0.45 a

	
0.34 a

	
0.35 a

	
0.32 ab

	
0.30 abc

	
0.31 a

	
0.20 a




	

	
Maize − Chickpea

	
0.55 a

	
0.46 bcd

	
0.45 abc

	
0.49 a

	
0.40 a

	
0.34 b

	
0.39 a

	
0.34 a

	
0.29 b

	
0.38 a

	
0.28 a

	
0.20 a




	

	
Mean

	
0.53 A

	
0.49 A

	
0.44 A

	
0.44 A

	
0.41 A

	
0.41 A

	
0.37 C

	
0.35 A

	
0.33 A

	
0.30 A

	
0.28 A

	
0.22 A




	
NT

	
Soybean + P. Pea (2:1)

	
0.61 a

	
0.59 ab

	
0.50 abc

	
0.48 a

	
0.43 a

	
0.41 ab

	
0.43 a

	
0.39 a

	
0.33 ab

	
0.37 a

	
0.36 a

	
0.28 a




	

	
Soybean − Wheat

	
0.58 a

	
0.44 a

	
0.55 a

	
0.44 a

	
0.47 a

	
0.44 a

	
0.42 a

	
0.38 a

	
0.38 ab

	
0.31 abc

	
0.23 a

	
0.34 a




	

	
Maize + P. Pea (1:1)

	
0.55 a

	
0.53 abc

	
0.52 abc

	
0.45 a

	
0.47 a

	
0.47 a

	
0.38 a

	
0.38 a

	
0.36 ab

	
0.32 abc

	
0.24 a

	
0.21 a




	

	
Maize − Chickpea

	
0.54 a

	
0.49 bcd

	
0.53 ab

	
0.48 a

	
0.40 a

	
0.40 ab

	
0.41 a

	
0.36 a

	
0.39 a

	
0.20 c

	
0.31 a

	
0.23 a




	

	
Mean

	
0.57 A

	
0.51 A

	
0.53 A

	
0.46 A

	
0.44 A

	
0.43 A

	
0.41 A

	
0.38 A

	
0.36 A

	
0.30 A

	
0.28 A

	
0.27 A








CT, conventional tillage: RT, reduced tillage: NT, no tillage; LM-Large macroaggregate, SM-Small macroaggregate, Mi-Microaggregate, Si+C-Silt+Clay. A different small letter a–f in a column indicates significant difference among the cropping treatments, however, a different capital letter A–C in a column indicates a significant difference among the tillage treatments.
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