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Abstract

:

Conservation tillage has been considered a smart agriculture practice which preserves soil organic carbon (SOC). However, little work on the labile C fractions in South Africa has been documented. As such, this work focused on C fractions under different management systems. The objective of this study was to assess the impact of different tillage techniques and fertilizer application rates on soil C fractions along the soil profile. Samples from no-till (NT), conventional tillage after 5th season (CT-Y5), and annual conventional tillage, longer than 5 years (CT-ANNUAL) at 0, 60, 120, and 240 kg N ha−1 were taken at 0–10, 10–20, and 20–30 cm depths and analyzed for C fractions. The 30 cm depth was chosen as the sampling depth because of the 30 cm plough layer. At 0–10 cm, soil NT had higher total C, organic C, particulate organic C (POC), and permanganate oxidizable C (POxC) for all application rates, especially in the control treatment, compared to both the CT-Y5 and CT-ANNUAL treatments (p < 0.05). At the 10–20 cm soil depth, CT-Y5 had higher POC than both NT and CT-ANNUAL at 60 kg N ha−1 (p < 0.05). Greater C fractions in the surface soil under NT, and at deeper depths under CT, was due to litter availability on the surface under NT and incorporation to the subsoil on CT. Higher C sequestration in NT than in CT-Y5 and CT-ANNUAL was observed because of slower organic matter (OM) turnover in NT leading to the formation and stabilization of C. A larger input over output of OM, through high crop residue accumulation over decomposition, is the reason for the increase of C fractions in the fertilized treatments. Therefore, using conservation agriculture, particular NT, with 0 kg N ha−1 application rate in dryland agriculture is recommended.
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1. Introduction


Soil can function as a source or sink of atmospheric carbon (C) and may have an important role in decreasing the build-up of atmospheric greenhouse gases (GHGs), thereby aiding in mitigating global climate change [1]. Farming practices such as conservation tillage, which allow soil to be a sink of C must be intensified on agricultural land. Intensive ploughing has caused enormous losses of soil organic C (SOC) to the atmosphere [2]. Estimates indicate SOC loss to be as high as 60% in temperate and 75% in tropical regions that has been depleted by conventional tillage (CT), contributing about 23% of the total GHGs concentration in the atmosphere [3]. Tillage is generally considered to increase SOC mineralization due to the mechanical and rain-induced disruption of soil aggregates and the consequent release of carbon dioxide (CO2) [4]. No-till (NT) practices result in the net accumulation of C in the surface layers of 333.8 cm depth, with a net loss in the deeper layers of 60–90 cm [5]. Therefore, shallow sampling under NT may imply an overestimation of SOC gains in those treatments, given that losses occurring at deeper soil layers are not accounted for.



The amount of SOC that is stored in the deeper layers of 60 cm is the most important fraction for long-term soil C sequestration [2]. Ref. [4] postulated that under NT, there may be additional SOC storage in superficial soil layers, but little to no SOC sequestration for the land unit if the whole soil profile of 100 cm depth is considered. This seems to be particularly the case in humid and temperate regions [6], as opposed to drier semi-arid climates, where significant benefits of NT relative to CT are observed. Ref. [7] observed that under temperate and tropical climatic conditions the decomposition of C residues was the same whether the residues were incorporated or not, whereas under semi-arid conditions decomposition was greater when the residues were incorporated than left on the surface. Ref. [6] also showed that the response of SOC to NT is dependent on climate, in particular precipitation, with a greater response in drier conditions. This is because dry years allow C sequestration in NT system due to a greater reduction in SOC mineralization compared to CT [6].



Therefore, in dryland agriculture, especially in semi-arid regions such as KwaZulu Natal, South Africa where this current study was conducted, conservational tillage can be practiced as a low cost and smart agriculture which will assist in soil C sequestration. High fertilizer requirements can be attenuated in conservation agriculture due to the enhancement of C sequestration. C sequestration can be defined as an increase in C storage in soil or plant material [8], whereas the C sequestration potential of a given soil would be the maximum gain in SOC allowing a net removal of CO2 from the atmosphere under a given climate and for a specified timeline [4]. Some argue that only very recalcitrant C should be regarded as sequestered C; however, soil C varies in degree of permanence. Furthermore, different C fractions such as particulate organic C (POC), microbial biomass C (MBC), soil organic C (SOC), and permanganate oxidizable C (POxC) are more stable in various soil characteristics showing different residence time in the soil.



The labile SOC fractions, which are SOC, POC, MBC, and POxC, are relatively small fractions of the total C that have a short half-life and responds quickly to changes in soil tillage and fertilization practices [9]. It is an important component of soil quality because of its soil aggregate stabilization effect and direct link to soil C or N mineralization [10]. An ability to predict or detect SOC changes at the early stages of land-use or management is important to allow land managers to make informed decisions that reduce soil fertility decline, erosion, and GHG emissions [11]. Little work has been documented on the labile C fractions of South Africa and KwaZulu Natal province to be specific, hence this work focused on C fractions under different management systems in a dryland maize monocrop at Loskop, KwaZulu Natal. The alternative hypothesis was that an increase in fertilizer application rate and intensification of tillage will increase the labile C pools with an increase in depth. The objectives of the study were to:



Assess the impact of different tillage techniques and fertilizer application on soil C fractions.



To assess the impact of soil depth on C pools under different tillage systems.




2. Material and Methods


2.1. Study Site and Sampling Procedure


The study was done in Loskop, KwaZulu Natal Province, South Africa, located at latitude 28°55′26.83″ S and longitude 29°33′38.64″ E, depicted in Figure 1. The trial started in the 2003/2004 season. The site had been previously utilized for dry-land maize and soybean in rotations and was NT since 1990. Dry-land agriculture, maize in summer and fallow in winter, was practiced and managed under NT, annual conventional till (CT-ANNUAL), and conventional tillage every 5th season (CT-Y5) since 2003/2004 season. The soil was classified as Lixisols [12] characterized by high erodibility with high leaching of base cations. The predominant parent material was dolerite which under chemical weathering weathers to clay loam textural class. There was no effervescence when HCI was used indicating an absence of carbonates in the soil. The area receives approximately 643 mm of rainfall per year which occurs mostly during summer (November-January), and has mean average midday temperature ranging between 19.3 °C in June and 28 °C in January [13].



The field trial was arranged as a randomized split plot design, with tillage forming the main plot (1 m × 4 m) and fertilizer application rate being the sub-plot (1 m × 1 m). In each tillage urea fertilizer was applied at four application rates of 0, 60, 120, and 240 kg N ha−1. NT was characterized by no soil disturbance (no ploughing), while a sod seeder was utilized for planting. CT-Y5 comprised of leaving the soil unploughed for four seasons, then tilling every 5th season. Soil sampling in CT-Y5 was done in the 5th season (five years after the last tillage). In CT-ANNUAL there was annual disturbance of soil by tilling using a tractor to a depth of 30 cm. Soil was sampled after harvest to avoid plant disturbance at three depths of 0–10, 10–20, and 20–30 cm. Each tillage treatment had three blocks that were sampled making nine blocks in total, with each block having four N fertilizer application rates which were all replicated three times.




2.2. Laboratory Analyses


The total C was analyzed using LECO TruMac CNS/NS, St. Joe, MI, USA [14]. Air-dried soil samples were passed through a 0.53 mm sieve size, then a 0.2 g sample was put into the LECO for analysis of C. The procedure is based on the dry combustion of air-dried samples in crucibles, subjected to a 1450 °C furnace temperature for 6 min. The SOC was determined using the Walkey–Black method [15]. Further, SOC and bulk density were used to calculate the soil C stock per depth. Wet sieving by [16] was used to determine the particulate organic C (POC). The permanganate oxidizable C (POxC) was analyzed by dispersing 2.5 g soil with 2 mL of 0.2 M KMnO4 and 18 mL of distilled water [17]. After settling, about 0.5 mL of supernatant was extracted and mixed with 49.5 mL deionized water in a 50 mL centrifuge tube. A spectrophotometer was utilized to read the absorbance at 550 nm. The fumigation-incubation method by [18] was used to estimate the microbial biomass C (MBC). Thereafter the microbial quotient (qMic) in the soil was calculated as ratios of MBC to SOC [19].




2.3. Statistical Analyses


An analysis of variance (two-way ANOVA) test was done to determine the effect of tillage and urea fertilizer application on soil C pools at various soil depths. The Fisher’s protected LSD test was used as a post hoc test for multiple comparison to compare the treatment means and their interactions. The p value (<0.05) was used to test for significant differences between the treatment factors. All the tests were performed with GenStat 14.1 for Windows software [20].





3. Results


3.1. Soil Total C


Figure 2 shows that at 0–10 cm soil depth, the NT had higher total C for all the application rates compared to CT-Y5 and CT-ANNUAL treatments. At 10–20 cm depth, the control of NT and CT-ANNUAL had higher total C compared with CT-Y5. NT at 60 kg N ha−1 in 10–20 cm soil depth had higher total C (15.3 g C kg−1) than CT-ANNUAL (13.8 g C kg−1). While at 120 and 240 kg N ha−1, the CT-ANNUAL had higher total C than NT and CT-Y5 (Figure 2). In the 20–30 cm soil depth, NT had higher total C at 60 and 120 kg N ha−1 compared to CT-ANNUAL. Furthermore at 120 kg N ha−1, CT-Y5 had higher total C than CT-ANNUAL.




3.2. Organic C Variation in Different Treatments


Figure 3 shows that at 0–10 cm soil depth, NT had higher organic C than both CT-Y5 and CT-ANNUAL in all fertilizer application rates. Both NT and CT-ANNUAL at 240 kg N ha−1 in 20–30 cm soil depth, had higher organic C levels compared with CT-Y5 while at 120 kg N ha−1, CT-ANNUAL had the lowest organic C.




3.3. POC Variations in Different Treatments


NT had the highest POC for all the application rates at 0–10 cm soil depth (Figure 4). While at 120 and 240 kg N ha−1, CT-Y5 had higher POC than CT-ANNUAL in the 0–10 cm soil depth. At 10–20 cm soil depth, CT-ANNUAL had the lowest POC at 60 kg N ha−1. On the contrary, at 120 and 240 kg N ha−1, CT-ANNUAL had the highest POC at this depth. Figure 4 shows that in 20–30 cm soil depth, NT had the lowest POC at 60 kg N ha−1.




3.4. POxC on Different Tillage and N Rates


Figure 5 shows that in the 0–10 cm soil depth, NT had higher POxC than CT-ANNUAL at 0, 60 and 120 kg N ha−1. At 60 and 240 kg N ha−1 application rates in 0–10 cm soil depth CT-Y5 had higher POxC than CT-ANNUAL but again it had lower POxC than NT. At 10–20 cm soil depth, NT had the highest POxC in the control, while at 60 kg N ha−1, CT-Y5 (which was not different from NT) had higher POxC than CT-ANNUAL. Figure 5 shows that both 120 and 240 kg N ha−1 application rates of CT-ANNUAL had higher POxC than CT-Y5 at 10–20 cm soil depth. However, at 20–30 cm soil depth, CT-Y5 had higher POxC than CT-ANNUAL in the control (Figure 5). Whereas at 120 kg N ha−1 NT had higher POxC than CT-ANNUAL in the 20–30 cm soil depth.




3.5. Microbial Biomass Carbon (MBC) Variations


Figure 6 shows that, mostly, NT and CT-Y5 did not significantly differ in MBC at these depths, with the exception of the 240 kg N ha−1 application rate at 0–10 cm where CT-Y5 recorded the highest MBC, as well as in the control at 10–20 cm depth where NT had higher MBC (0.46 g C kg−1) than CT-ANNUAL (0.26 g C kg−1).




3.6. Microbial Quotient (qMic) Variations


Figure 7 shows that qMic at 240 kg N ha−1 in CT-Y5 was higher in all the treatments in the 0–10 cm soil depth. Further, in 0–10 cm depth CT-Y5 had higher qMic compared to NT at 120 kg N ha−1 and CT-ANNUAL at 60 kg N ha−1. In the control treatment of 0–10 cm depth, CT-ANNUAL had higher qMic than NT. In the control treatment of 10–20 cm depth, CT-Y5 had lower qMic than NT but higher qMic than CT-ANNUAL. Figure 7 shows that CT-Y5 at 240 kg N ha−1 had the highest qMic of all the treatments in 20–30 cm soil depth.





4. Discussion


SOC plays an important role in long-term ecosystem productivity, by maintaining a soil nutrient pool and improving nutrient availability for uptake. Fertilizer application resulted in an increase in various C pools which may have been influenced by an increase in crop biomass. Changes of C pools were not only dependent on N fertilizer but also the type of tillage technique had a salient role. Changes in the amount of total soil C generally occurs slowly unless the soil is subject to severe disturbance such as intensive tillage or erosion [21]. According to [22], SOC is a heterogeneous mixture of organic substances with different fractions or pools of SOC exhibiting different sensitivity to management. Earlier studies have also shown that some biologically active or labile SOC pools respond to changes in management to a greater extent than the total C [23].



The total C had a similar trend to SOC. Thus, in the top 0–10 cm, NT had higher total C than CT-Y5 and CT-ANNUAL. According to [24], the elimination of soil mixing in NT leads to a concentration of OM at the soil surface. Previous research has shown a substantial increase of the total C in soil under NT compared to CT [25]. However, at 10–20 cm depth, CT-ANNUAL at 120 and 240 kg N ha−1 had higher total C than both NT and CT-Y5. This may be attributed to the vertical distribution of soil C under CT-ANNUAL with increasing fertilizer rates allowing a higher amount of total C to accumulate in the subsoil. Further, higher crop biomass input in fertilized treatment could have contributed significantly to C accrual. Peculiarly, at 20–30 cm soil depth at both 60 and 120 kg N ha−1, NT had higher total C than CT-ANNUAL. Ref. [26] found that NT increased soil C in surface soils at the expense of the lower plough layer, resulting in no net increase in the total C storage within the soil profile.



It is reasonable to believe that soil C depletion at depth found under NT mainly results from reduced burial of crop residues and less root inputs compared to CT [27]. Again, low C storage under CT-ANNUAL at 0–10 cm was probably due to high oxidation rates, release of organic compounds to the soluble form, and greater microbial activity. Ref. [24] elucidated that soil C is higher in the entire profile under NT and concluded that there is a stratification of soil C in surface horizons without any depletion of it at deeper horizons compared to treatments receiving tillage. Therefore, the higher C in NT at 20–30 cm soil depth is because of high inputs of C in the surface and less turnover of OM at lower depths. In a study by [28], the turnover soil C in aggregates was faster in CT than in NT, resulting in a greater loss of 53 to 250 µm intra-macro-aggregate POC in CT.



In the current study, the soil surface had the highest concentration of organic C compared to the other depths in all the tillage treatments and fertilizer rates, with NT having higher organic C. This may be related to the moist anaerobic conditions under NT, since it had higher soil moisture resulting in slower oxidation of OM. Tilling mixed the profile soil, thus OM on the surface was able to migrate into the deeper soil layers thereby reducing organic C in the surface under CT-ANNUAL. Ref. [29] explained that less subsoil organic C under NT was a result of a lack of redistribution of surface soil C into deeper soil layers by ploughing. In addition, the restricted root growth due to soil compaction, caused by using heavy machinery and lack of soil loosening under NT may limit root penetration into the deeper soil layers. Usually roots respire, exude C, and, during senescence, decompose, thus assist in adding organic C on the subsoil. Ref. [30] also found that under reduced tillage, C was higher in the surface compared to CT.



It is worth noting that at 10–20 cm soil depth, there were no significant differences in SOC for all the fertilizer application rates or tillage treatments. This was similar to the findings of [30], who noted non-significant differences in SOC at 10–20 cm depth between different tillage treatments. Contrarily, previous research has shown that CT significantly affects the vertical distribution of SOC with the concentration of SOC increasing with both depth and tillage [31]. Ref. [30] further argued that the influence of tillage on SOC depends on the depth to which the tillage operation incorporated plant material. In the current study, the influence of NT on SOC, with significantly higher organic C compared to CT-Y5 and CT-ANNUAL, was observed especially at 0–10 cm. NT leads to increased soil cover and reduced soil disturbance which increases soil strength. The increased soil strength under NT not only discourages root growth into deeper soil layers [32], but also reduces the downward movement of surface soil C.



The difference in the concentration and sensitivity of labile C fractions may be due to climate, soil type, cropping system, and laboratory procedures that were utilized in different analyses. Unlike MBC and POxC, which utilized chemical composition, POC relied on physical fractionation to determine its concentration which can respond in less of a short space of time to management. POC represents a partially decomposed C fraction with a short turnover time, while POxC reflects a more processed fraction of soil C [33]. This was demonstrated by [34], who observed a significant relationship between POxC and SOC but none between POxC and labile C fractions such as MBC. Ref. [35] had similar findings to the current study with POC showing greater sensitivity to N fertilization than SOC and POxC for the three soil depths that were studied (0–5, 5–20, and 20–40 cm), and greater sensitivity to tillage management at 5–20 and 20–40 cm depth. POC represents the highest response to changes in agricultural management and can be used as an early indicator of optimized practices to sequester soil C [35]. However, it does not necessary disqualify POxC and MBC as good soil quality indicators.



Ref. [36] observed that POC comprised roughly 20–40% of the total C in the soil, while POxC and MBC made up only 4 and 2% of the total C, respectively. These findings contrasted with the current data where POxC comprised 8–14%, POC 20–48%, and MBC had 0.4–1–1.0% of the total C. Thus, POC can be regarded as the most labile C that is sensitive to management such as tillage and fertilizer application, followed by POxC and then MBC. Ref. [37] also observed a greater response to tillage by POC compared to the POxC fraction, while Ref. [38] observed a higher increase in POC than bulk SOC in response to long-term fertilization of maize. Contrarily, Ref. [36], found POxC to be a more sensitive indicator of differences in management (tillage and fertilizer application) than other measured C fractions. POxC was more strongly related to heavier and smaller, than lighter and larger POC fractions, indicating that it reflects a more processed, stabilized pool of labile soil C [36]. In a study by [39], it was evident, however, that total C exhibited greater sensitivity than POxC to changes in land management or soil depth. Ref. [11] also observed that POxC did not provide a clear advantage over SOC when considering major land use alterations such as pasture vs agriculture.



POC was higher under CT-ANNUAL at both 120 kg N ha−1 and 240 kg N ha−1 compared to NT and CT-Y5 in the 10–20 cm soil depth. This was probably a result of ploughing and crop residue incorporation into soil under CT-ANNUAL, whereas plant residues accumulate on the surface under NT and CT-Y5. According to [40], NT sequesters more POC in the soil than CT. This was evident in the current study at 0–10 cm depth, where NT had higher POC at all application rates compared to CT-Y5 and CT-ANNUAL. A higher accumulation of organic material under NT than other treatments may be the cause of this. POC can account for over 10% of the soil C [41]. This was supported by the findings of the current study where it was between 20–48% of total C. SOC had no observable differences with tillage at 10–20 cm depth, however major differences were observed in POC. This shows that POC is more sensitive to management than SOC. Tillage impacts on POC were consistent with those of total C but were still more pronounced with POC. Ref. [42] also found that changes in POC at different sites followed the trend of total C.



Ref. [43] observed that NT increased POC by up to 70% at the surface but was lower by 18% in subsoil when compared with CT. Ref. [28] attributed this increase to a combination of reduced litter decomposition and less soil disturbance under NT. Reduced rates of litter decomposition may be due to microclimates which hinder microbial activity in the surface residue layer. The CT-Y5 treatments had intermediate POC fractions of both NT and CT-ANNUAL. Ref. [44] explained that a fraction of SOM is lost due to tillage and this explains low POC under CT in the topsoil, which concurs with the current results. On the other hand, Ref. [24] noted that although NT had higher POC concentrated in the surface horizons, there was no depletion of this fraction in deeper horizons, making the magnitude of differences between tillage systems more important at the upper depth. Ref. [43] found the differences in POC at the 5–17.5 and 17.5–30 cm depths to be greater in CT than NT soils. Many studies credit soil mixing with an even distribution of SOM with depth in CT soils [45].



Differences in POC concentrations at depth could also be a result of root productivity. Although we did not quantify crop productivity, we were informed that in previous years NT had a bumper harvest than CT-Y5 and CT-ANNUAL. According to [43], NT had greater yields than CT which suggested accumulation of SOM by NT surface soils, which may be a result of reduced mineralization and erosion rates. Fertilizer application and tillage exposed C to microbial attack due to high contact between plant residues and the soil mineral matrix, and the POC pool with its high sensitivity is easily mineralized. CT treatments have less stable aggregates compared to NT as these are constantly disrupted through tillage [28]. Disrupted aggregates release higher amounts of C compared to stable aggregates which help in C sequestration. When POC is released from aggregates, it becomes exposed to microbial decay, which leads to its loss and increased CO2 flux in CT compared with NT [28]. Ref. [46] reported that the biochemical environment of NT soils is less oxidative than CT, especially at lower depths. Ref. [47], explained that greater POC under NT at 15–30 cm might be explained by more anaerobic conditions in deeper soil layers and contributions from crop roots.



Although SOC showed no significance difference of tillage and application rates at 10–20 and 20–30 cm, the trend was different with POxC. However, significant positive correlations between the total C and POxC at 0–5 and 5–10 cm depth showed that the total C is a major determinant of the quantity of labile organic C fractions [48,49]. A strong positive relationship between POxC and SOC has been reported previously which was attributed to similar methodology; both rely on soil C oxidation [36,49]. SOC is determined by the complete oxidation of all soil C while POxC relies on the partial oxidation of the more easily oxidized C pool [50]. According to [50], the POxC fraction is a pool of labile soil C that has greater sensitivity to changes in management or environmental variation than other commonly measured pools. Ref. [17] stated that compared to total C, POxC measured a C pool that was more closely associated with soil biological functions.



A decline of POxC with depth in this study reflects decreased root density and residue accumulation. Decreased root density with depth is thought to be associated with a parallel decline in sub-surface rhizodeposition [51]. With higher microbial populations and respiration activity nearer the soil surface, POxC in surface soil will be more rapidly oxidized or converted into protected soil total C than in the deeper soil [52]. According to [53], frequent tillage under CT may break down aggregates and expose protected OM to microbial decomposition, thereby increasing the loss of POxC which is evident in the current study. Residue in conservation tillage system improves soil physical and chemical quality through increased infiltration, aggregate stability, and enhancing POxC fractions [54]. At all soil depths, an increase in fertilizer application did not have an impact on the POxC pools. This may be attributed to soil acidification, with the application of N fertilizer, which impedes enzymatic oxidation. Ref. [55] found that organic mulches generally increased POxC contents in the upper soil profile compared with inorganic fertilizer. According to [56], the application of organic mulches on soil increases the soil pH, which may be attributed to a liberation of bases during the decay process. Contrarily, Ref. [52], stated that POxC was higher in high N soil especially in the lower subsoil, suggesting that N-rich soil stimulated more root growth and rhizodeposition in the fertilized crop.



MBC, as the living component of SOM, plays a critical role in nutrient cycling, OM decomposition, and transformation [53]. MBC responded differently from total or SOC. MBC had lower concentrations than both POC and POxC labile fractions. The lower sensitivity of MBC compared to POC might be due to a greater abundance within micro-aggregates sizes and its highly labile nature [57]. The increase of MBC with increased N application rate at 0–10 cm depth can be explained by the increase of root biomass, crop productivity, residue accumulation, and henceforth decomposable organic material. The reported effects of chemical fertilizer on MBC are inconsistent. Ref. [58] reported that chemical fertilizers decreased MBC because severe N resulted in a microbial population with a comparatively high proportion of dormant cells. Ref. [59] also noted low MBC with chemical fertilizer use that was comparable with that of the control. However, in a study by [23], chemical fertilizer increased MBC because it resulted in higher organic C input into the soil, implying that microbial biomass is more controlled by substrate supply and less by chemical fertilizer. Ref. [55] found that chemical fertilizer increased MBC by 63.2% compared to the control after 37 years.



In a study by [60], the highest MBC was associated with the highest N application rate of 225 kg N ha−1. This is similar to the current study which had the highest MBC at 240 kg N ha−1 in the 0–10 and 20–30 cm depths, whereas at 10–20 cm depth 120 kg N ha−1 gave the highest MBC. Ref. [61] observed greater MBC in surface soil under NT, and at deeper depths under CT, which was explained by the effects of litter availability on the surface under NT and incorporation into the subsoil in CT. Ref. [62] suggested that crop residue accumulation provides substrate for microorganisms, which accounts for higher MBC in the surface soil. Furthermore, wetter and higher temperature soil under NT was more favorable for soil microbial activity [63]. CT-Y5 had similar soil properties with NT, but with a better advantage of mixing of crop residues after four seasons thereby enhancing decomposition, giving it the highest MBC at 240 kg N ha−1 in 0–10 cm depth. Ref. [60] noticed that the combined effect of residue retention and minimum tillage increased MBC by 82% over control. However, in NT the surface application of retained residues increased MBC only by 36% over the control [60]. CT-Y5 is a proxy of minimum tillage; therefore, our findings were in line with the above study.



The MBC decreased with depth but 20–30 cm soil depth had, on total average, almost the same concentration as at 10–20 cm. This may be attributed to less OM in subsoil. Ref. [61] also observed decreased MBC with depth. In general, situations favoring the accumulation of OM increase MBC [64]. At 0–10 and 20–30 cm soil depths, CT-Y5 had greater average MBC than NT and CT-ANNUAL. According to [65], MBC was the highest under minimum tillage at 2.5–7.5 cm soil depth. Most impacts of NT on enhancing C sequestration have been observed in surface soils near the rooting zone and residue litter [66]. However, long-term increases in SOM have been observed in subsurface soils after 20 years of NT [67]. This experiment has been running for more than 20 years, hence observations were made of higher MBC values under NT than CT-ANNUAL (particularly in the control) at 10–20 cm soil depth. The living fraction of OM rather than total organic C has been suggested as a useful and more sensitive measure of change in OM status [36]. These changes can be monitored by the qMic ratio which is the ratio of MBC to SOC. According to [19], the qMic ratio represents the amount of metabolic active C in the total SOM. The qMic ratio could serve to indicate if soil C is in equilibrium, accumulating, or decreasing from the threshold of 2.3 under monoculture and 2.5 under rotations with fertilizer [68]. Although, in this case, sampling was only done once making it difficult to assess if it was decreasing, increasing, or in equilibrium. However, using qMic ratios from the literature, the study area had very low qMic. These findings, with low values of qMic, suggest that a larger proportion of non-microbial C was contained in the SOC rather than MBC.



Generally, the lowest qMic was in CT-ANNUAL, with CT-Y5 having higher qMic at 0–10 and 20–30 cm while NT was predominantly higher at 10–20 cm. Ref. [69] suggested that the higher qMic under conservation tillage rather than CT was caused by the quality of the OM input which was more suitable for microbial growth and survival. These results show that CT-ANNUAL had a continuous reduction in SOC and MBC and eventually qMic. In the study by [70], the lowest qMic in CT and NT indicated the lowest substrate availability to microorganisms. Both NT and CT-Y5 resulted in an increase of SOM from crop residues, compared to CT-ANNUAL which eventually resulted in higher MBC. The 240 kg N ha−1 of CT-Y5 had the highest qMic ratio at the 0–10 and 20–30 cm depth whereas at 10–20 cm, the highest qMic ratio was observed under NT at 120 kg N ha−1 which was similar to the trend of MBC. The qMic generally increased with an increase in N application. In contrast, Ref. [71] reported that unfertilized soil increased the qMic ratio, while increasing the total soil N did not increase the qMic ratio. Consequently, it can be inferred that the increase in the qMic ratio is from the organic C inputs and not necessarily related to the N status of the soil [71]. The significant effect of both tillage and N application on qMic shows that C is not stabilized in the soil. The consistency of the qMic ratio is thus an indication of a system at a new equilibrium [68].




5. Conclusions


Tillage and fertilizer application had an effect on the soil C fractions at different depths. NT increased most C fractions (except MBC) in the upper soil layer, which could lead to higher soil productivity. Thus, C sequestration is greater in NT than in CT-Y5 and CT-ANNUAL. This was because of slower OM turnover in NT leading to the formation and stabilization of C. Whereas under CT-ANNUAL, SOM turnover was easily intensified by tillage which breaks down aggregates protecting C, thus releasing it into the atmosphere as CO2 or it is consumed by microbes. On the other hand, CT-ANNUAL had higher POC, POxC, and total C in the 10–20 cm depth and higher application rates of 120 and 240 kg N ha−1 than CT-Y5 and NT. This may be attributed to the mixing of residual material during ploughing to lower depths. In general, all the C pools were higher in the surface soil relative to lower depths. Tillage, fertilizer application, and depth had significant effects on the labile C fractions, showing a greater sensitivity compared to total C. POC exhibited a relatively greater response to tillage, fertilizer application, and depth than MBC and POxC, while POxC showed more sensitivity to management than the MBC labile fraction. The MBC responded more to CT-Y5 at 0–10 cm, with significantly higher values at 240 kg N ha−1, compared to other tillage techniques. CT-Y5 at 240 kg N ha−1 (0–10 cm) and NT at 120 kg N ha−1 (10–20 cm) had the highest qMic which was similar to MBC. The significant difference in the qMic ratio among both tillage and fertilizer rates explicitly clarifies that there is no C balance in the soil. Although CT-Y5 did not always have the highest C fractions, it maintained intermediate concentrations compared with other tillage techniques. C sequestration will not automatically increase with an increase of C input, but will depend on the rate of C output from the soils, which is affected by the management type that is employed. A larger input over output of OM is the reason for the increase of the total C and its various fractions in the fertilized treatments. This implies that a high amount of organic material input through better crop production and N fertilizer application is required for increasing the SOC pools. Therefore, using conservation agriculture, particular NT or CT-Y5 at 0–10 cm, with 120 kg N ha−1 application rate in dryland agriculture is recommended. The alternative hypothesis of the study stating that an increase in fertilizer application rate and intensification of tillage will increase labile C pools with increase in depth was rejected.
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Figure 1. The experimental site, shaded with grey on the map, at Loskop in Estcourt, KwaZulu Natal Province, South Africa. 
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Figure 2. Total carbon variation with soil depths for three tillage techniques. 
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Figure 3. Organic carbon with depths and urea fertilizer application (kg N ha−1) for three tillage techniques. 
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Figure 4. Particulate organic carbon with soil depths and fertilizer application (kg N ha−1) for three tillage techniques. 
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Figure 5. Permanganate oxidizable C with soil depths and urea fertilizer application (kg N/ha) for three tillage techniques. 
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Figure 6. Microbial biomass C with soil depths and urea application (kg N ha−1) for three tillage techniques. 
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Figure 7. Variation of the microbial quotient of different soil depths. 
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