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Abstract

:

Soil acidification is a serious challenge and a major cause of declining soil and crop productivity in the Eastern parts of South Africa (SA). An incubation experiment investigated effects of different maize residue biochar rates on selected soil properties and soil loss in acidic Hutton soils. Biochar amendment rates were 0%, 2.5%, 5%, 7.5%, and 10% (soil weight) laid as a completely randomized design. Soil sampling was done on a 20-day interval for 140 days to give a 5 × 7 factorial experiment. Rainfall simulation was conducted at 60, 100 and 140 days after incubation to quantify soil loss. Relative to the control biochar amendments significantly improved soil physicochemical properties. After 140 days, biochar increased soil pH by between 0.34 to 1.51 points, soil organic carbon (SOC) by 2.2% to 2.34%, and microbial activity (MBC) by 496 to 1615 mg kg−1 compared to control. Soil aggregation (MWD) changes varied from 0.58 mm to 0.70 mm for the duration of the trial. Soil loss significantly decreased by 27% to 70% under biochar amendment compared to control. This indicates that maize residue biochar application has the potential to improve the soil properties and reduce soil loss in the degraded acidic Hutton soil.
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1. Introduction


Agricultural soils of SA are highly susceptible various forms of degradation [1,2]. Crop fields and communal grazing lands are the most affected especially in the Eastern Cape Province [3]. Soil acidification is a serious challenge and the most important cause of decreasing soil fertility and crop yields in SA [4]. Despite some SA soils being naturally acidic especially in the higher rainfall areas; anthropogenic activities which result in declining levels of organic matter exacerbate soil degradation [4,5]. Inappropriate cultivation practices of the highly weathered soils often result in increased soil organic matter (SOM) exhaustion, soil acidification, and severe soil erosion [6]. Accelerated acidification of soils under cultivation is most often the result of increased mineralisation of organic matter (OM), oxidation of ammoniacal fertilisers to nitric acid and removal of the basic cations during harvesting [7]. Soil acidification results in loss of base cations by leaching below the plant root zone and limiting crop and forage production. Severe acidification can cause non-reversible clay mineral dissolution and a reduction in cation exchange capacity (CEC), accompanied by soil structure deterioration [8]. Effective soil amendments to correct acidification are critical in improving and preservation of soil fertility and structural build-up which are vital for sustainable agricultural development and food security [9,10,11,12].



Recently much focus has been made on biochar use in soils because of its ability to boost SOC and enhancing soil quality [13]. Biochar is a “carbon-rich by-product of the thermal degradation of organic materials in the absence of air, a process called pyrolysis, and distinguished from charcoal by its use as a soil amendment” [14]. Biochar is produced from a wide variety of biomass materials and pyrolysis conditions. However, the responses of biochar are specific to the site (soil and climate), feedstock, preparation method and conditions [15,16]. Laird et al. [17], reported that the carbon (C) content of biochar varies from <1% to >80%, subject to the feedstock and the pyrolysis conditions. Biochar, therefore, provides a unique opportunity to improve physicochemical properties and protect soils from erosion using locally available materials [18]. Researchers have been advocating for infield crop residue retention as a means of boosting SOM subsequently improving soil quality [19]. However, retaining and/or incorporation of crop residues is a major challenge under smallholder agriculture, where the residues are assigned various uses, a phenomenon known as crop residue trade-offs [19,20]. Additionally, maintaining the long-term aggregate stability of soil by applying fresh organic residues is difficult because of the rapid degradation of the fresh organic materials, especially under tropical conditions. Hence, biochar may be a potential amendment that could protect hard setting soil from rapid degradation in the long term, thus increasing soil quality.



Biochar characteristics e.g., chemical composition, surface chemistry, particle and pore size distribution, physical and chemical stabilisation mechanisms in soils, determine its effects on soil functions [21]. Application of biochar to enhance soil quality, adaptation and mitigation of climate variability has been reported by many researchers [12,22,23,24,25,26,27,28]. Biochar incorporation increases aggregate stability by acting as a binding agent the formation of macroaggregates [29,30]. A study [11] observed that bulk density (BD) significantly decreased from 1.42 Mg m−3 to <1.15 Mg m−3, after 105 days of incubation, while similar results were reported by [16]. In hard setting soil, tensile strength was reduced from 64.4 kPa to 31 kPa [31]. Porosity and hydraulic conductivity were reported to increase in soils amended with biochar [11,32]. A correlation between increase in porosity and water retention was observed which consequently resulted in increased root growth by approximately 47% [33]. Other indirect effects of biochar are an increase of CEC, decrease in nutrient leaching and water retention, due to its high surface area and porous nature [34].



Amending soils with biochar from crop residues has been suggested as one effective counter measure to mitigate climate change [35]. According to [16], approximately 2.2 Mton year−1 of SOC can potentially be sequestered through biochar use. Researchers generally agree that C derived from biochar can be retained in soils for approximately 1300–4000 years, which is longer than that of uncharred organic material [21,36,37,38]. Furthermore, about 50% of the initial C can potentially be sequestered when biomass is converted to biochar as opposed to the low amounts retained after burning (3%) and biological decomposition (less than 10–20% after 5–10 years) [39]. Biochar induced changes can raise the content of available nutrient and SOC, while its effects on pH lasts longer and results in significant changes in N cycle [40] compared to lime application



Even though various studies show the potential of biochar in improving soil quality, little is known about the technology and the underlying mechanisms behind these changes in South Africa [41]. Furthermore, there are very few studies on the influences of biochar on the physical properties of soil and soil loss in an acidic soil. Biochar used in most studies was made using advanced pyrolysis methods (muffle furnaces or gasifiers) [10,36,37] while the biochar used in this study was made from locally-made oil drum kilns, a process that can be done by smallholder farmers. Moreover, given the high variability in biochar’s physicochemical properties and its response to different types of soils and climates; estimates from other studies are, therefore, not universal to all locations and types of biochar [15,16,42,43]. While researchers in South Africa have advocated for use of crop residues and manure as sources of OM [44,45], maintaining and accumulating SOC is difficult because of the high rate of decomposition. Biochar, on the other hand resists, degradation. Therefore, further research is necessary to fully understand location-specific findings to account for effects of geographic variations in soil type, climate, cropping, and pyrolysis feedstock [46]. The objective of this study was to examine the effects of maize biochar and its application rates on selected soils properties and soil loss in acidic Hutton soils in South Africa.




2. Materials and Methods


2.1. Soil and Biochar Preparation


Acidic soil from 0–20 cm depth was collected from Hogsback (32°33′ S, 26°54′ E) located in the EC Province, SA. The soil is classified as a Hutton Soil [47] and Humic Ferrasols [48]. Biochar was produced from maize crop residues. Dry crop residues were chopped into small pieces before being put into a 25 L container sealed with a lid to limit the amount of oxygen entering. Pyrolysis was done using a locally made 200 L oil drum retort, at temperatures of up to 500 °C for up to four hours following [49]. Oil drums are relatively cheap and easily available to small holder farmers in South Africa. After cooling the biochar was crushed and passed through a 2 mm sieve and stored in a cold room before use for characterization and the incubation study.




2.2. Experimental Design, Treatments, and Incubation Procedure


Incubation Experiment


Five-kilogram soil samples from Hogsback were thoroughly mixed, using a garden spade, with the biochar at application rates of 0%, 2.5%, 5%, 7.5%, and 10% on a weight per weight basis of soil (w/w) (Table 1). From each soil-biochar mixture, a 1.5 kg sample was kept in glass jars for incubation at field capacity using de-ionised water. A single factor experiment that evaluated five rates of biochar was laid as a completely randomized design three replicates. A pressure plate apparatus was used to determine the field capacity of the soil [50]. The biochar-soil mixtures were incubated at 28 °C at constant temperature and were weighed regularly to maintain constant moisture. Soil sampling to determine the physical and chemical properties was done at 20 days interval for a total incubation time of 140 days. At each sampling time interval, the samples were oven dried at 65 °C (except for MBC determination) and sieved through a 2 mm sieve for subsequent analysis.





2.3. Soil and Biochar Analysis


Both the soil pH and electrical conductivity (EC) were determined using distilled water at a ratio 1:2.5 (weight/volume basis) (Crison Instruments, Barcelona, Spain) [51,52]. The pH of biochar was determined in water at a ratio 1:5 (weight/volume basis) following [53]. Ash content was determined by heating biochar samples in a muffle furnace at 750 °C for 6 h and volatile matter was determined by heating the biochar at 950 °C for 11 min in a covered crucible furnace as described by [41,54]. Scanning electron microscopy (SEM) (JEOL JSM-6390LV, Jeol, Tokyo, Japan) and energy dispersive spectroscopy (EDX) (Thermo Scientific Noran System Six, Beverly, MA, USA) were used to observe structural characteristics and mineral phases of the composition of maize biochars samples. Total soil carbon (TOC) and nitrogen (TN) was measured by dry combustion method using a LECO TruSpec C/N auto analyser (LECO Corporation, St Joseph, MI, USA) [55] using air-dry and ground soil and biochar. The extractable cations Na, K, Ca, and Mg were extracted using ammonium acetate buffered at pH 7 [51]. The modified Walkey-Black method as outlined in [51] was used to determine SOC.



Soil microbial biomass carbon (MBC) was determined by the modified chloroform fumigation-extraction followed by the dichromate oxidation of C [56]. For each treatment, two 15 g of fresh soil with known moisture content were weighed into a crucible and placed into a separate desiccator. Both fumigated and unfumigated samples were kept in dark for 72 h at room temperature. Organic C in both the fumigated and unfumigated samples was extracted using 50 mL of 0.5 M potassium sulphate. Organic C in the extracts was then determined using the dichromate oxidation method [57].



Soil BD was determined using the core method [52]; thereafter it was used to determine porosity, assuming of a particle density of 2.65 g cm−3 [58]. Soil particle size distribution was determined by the hydrometer method [52]. Soil aggregate stability of the 2 mm air dried samples was determined as described in [59].




2.4. Soil Loss


Soils from the incubation experiment were used in determining soil loss using a rainfall simulator for erosion tests (LUW, Eijelkamp Equipment, Giesbeck, The Netherlands). The splash cups containing 50 g of soil were slowly pre-wetted from the bottom with tap water until saturated and then placed under the rainfall simulator. The samples were subjected to simulated 8-min single rainstorm at 360 mm h−1. According to Martin et al. [60], the high-intensity rainfall was used to offset for the short falling distance of 0.4 m of each simulated raindrop and the resulting low volume specific kinetic energy of the applied shower. Similar rainfall events were used by [61,62] The same authors [60], further state that natural rainfall events with this time specific kinetic energy approximate natural rainfall intensities of about 60 mm h−1. All simulations were replicated three times. The prewetted soil in splash cups was placed under the simulator which applied raindrops of 5.9 mm in diameter from the 49 capillary tubes spread over its surface. The time-specific energy of the simulated rain was 1440 J m−2 hr−1. Splashed sediments were oven dried at 105 °C for 24 h and weighed. The weight was converted from soil loss in grams per splash cup area (0.07 m2) to t ha−1.




2.5. Statistical Analysis


JMP version 14.0 statistical software (SAS Institute, Inc., Cary, NC, USA), was used for analysis of variance (ANOVA) for all parameters. Mean separations were conducted using Duncan’s new multiple range test (MRT) at p < 0.05 test when ANOVA indicated a significant p-value.





3. Results and Discussion


3.1. Biochar and Soil Properties


Table 2 presents selected physicochemical properties of the soil and biochar used in the study. The soil had TOC of 2.6%, soil organic carbon of 2.2% and very low pH (4.1). Maize residue biochar had a high pH (9.42) and a high ash content of 43.34% and volatile matter of 8.57% which potentially contributed to its liming potential in the study (Table 2). The biochar had a total carbon of 46.89% and total nitrogen of 1.92%. Exchangeable bases were lower in the biochar than the soil. This is also shown in the EDS analysis (Figure 1).




3.2. Effects of Biochar on Chemical Properties


The soil pH was significantly (p < 0.0001) affected by biochar amendment (Table 3; Figure 2). There were highly significant interactions between time and the biochar application rates on pH (p < 0.001; Table 3). The results showed that amending the soil with biochar increased pH across all the application rates which were found to be directly proportional to the rate of application. Observations are in line with [11,63]. The greatest changes in soil pH were observed at week 0. The highest soil pH was found in soils treated at 10% biochar rate (pH, 6.74) relative to the control treatment (pH, 4.1) (Figure 2). The soil pH was increased by 1.51, 1.12, 0.83, and 0.34 at 10%, 7.5%, 5%, and 2.5% biochar application rates at the end of day the 140 period, respectively (Figure 2). Maize residue biochar has the potential to act as an effective liming material as evidenced by the increase in soil pH following biochar amendment. Similar findings were reported by [64,65,66,67]. The liming potential of biochar used in this study can possibly be attributed to the high ash content (43.34%). Biochar ash content is very variable and dependent on the feedstock [42,68], biochar with low ash content will have little effect on the soil pH. Biochar ash alkalinity and the mineralization of organic N in the soil are associated with an increase in soil pH at the inception of the incubation while the nitrification of NH4+ to NO3 in the soil presumably decreased soil pH with time in the incubation; the balance of these reactions determined the final soil pH [63]. Additionally, the high surface area and porous nature of biochar can potentially increase the cation exchange capacity of the soil, which increases the potential for sorption of many organic and inorganic substances.



No interaction was observed between incubation time and biochar rates on SOC (p > 0.05), however, significantly different observations were found with biochar application rates and incubation time (p < 0.0001; Table 3). The biochar amended soils had significantly higher SOC than the control throughout the incubation period (Figure 3). The results also indicate that increase in SOC was proportional to the biochar application rates. The highest SOC (2.66%) was observed on day 20 at biochar application rate of 7.5% while the control with no biochar decreased to 2.2% from 2.0% (Figure 3). However, no significant differences were observed between 10% and 7.5% application rates. According to [69], amending soils with biochar could possibly result in high amounts of SOC which suggests that the OC in biochar is recalcitrant. Furthermore, higher rates of SOC soon after application of biochar could possibly be due to the sorption of labile SOM on to biochar particles, thus decreasing its mineralisation effect [13,70]. Soil microbial activity was significantly affected by biochar application throughout the incubation period (Figure 4). Biochar application at 7.5% and 10% rates were observed to have significantly higher (p < 0.05) MBC followed by 5% as compared to the control throughout incubation period. Highest activity was observed at the start of the incubation which were 496 mg kg−1, 738 mg kg−1, 989 mg kg−1, 1594 mg kg−1, and 1615 mg kg−1 for control, 2.5%, 5%, 7.5%, and 10% biochar amendments, respectively (Figure 4). The increase in MBC can possibly be due to the increase in the soil pH, SOC and the porous structure of the biochar which also corresponds with the gradual decrease in microbial activity as it levels to a constant [11,71]. According to [72], all labile biochar C is fully utilised as an energy source by microorganisms within the first six days, hence the general decrease in MBC from throughout the incubation period. Disturbing the soils by sieving disrupt macro aggregates protecting SOC. Addition of biochar increases mineralization of the exposed labile C in the soil to microbial attack facilitating co-metabolic decomposition of biochar [73,74] This promotes a rapid microbial growth [70] within the first few days after biochar application at 60% moisture content (Figure 4).




3.3. Effects of Biochar on Physical Properties


Significant interaction (p < 0.0001) was observed between incubation time and amendment rates of biochar on BD, porosity and MWD (Table 3). The control had significantly higher (p < 0.0001) BD compared to other treatments throughout the incubation period. Bulk density gradually decreased with an increase in biochar application rates from 2.5% to 10% relative to the control. The highest BD in the control of 1.28 kg m−3 was at 0 days after incubation time and it gradually increased to 1.77 kg m−3 at the end of the incubation period (Figure 5). The lowest BD was observed at 10% biochar application rate at 40 days after incubation time (0.55 kg m−3) which increased to 0.82 kg m−3 at 140 days after incubation time. Unlike BD, porosity increased directly proportional to increase in biochar rate. The lowest porosity was recoded at 80 days after incubation time for the control treatment (33%) while the highest was 0.79 kg m−3 at 40 days after incubation time with 10% biochar treated experiments (Figure 6). The findings were similar with other studies [11,75]. Similarly, [75] reported that bulk density decreased with increased rate of biochar amendment with the highest bulk density of 1.33 g cm−3 for control, 1.09 g cm−3 for 25% rate, 0.89 g cm−3 for 50% rate, 0.61 g cm−3 for 75% rate, and 0.36 g cm−3 for 100% rate of biochar application. Additionally, porosity was observed to increase with an increase in the biochar application rate [10,13,16,32]. Changes in bulk density and porosity can be attributed to the relatively lower bulk density of biochar compared to mineral particles [13,21]. Biochar has high pore volume and when mixed with soil it increases porosity and, hence, decreases bulk density; increasing biochar application rates significantly decreases bulk density while increasing porosity [30]. According to [76], the change in porosity with biochar treated soils was a result of formation of macropores and rearrangement of soil particles. Biochar is having a high internal surface area and high macro porosity which increase in smoothness with age enabling it to adsorb soluble inorganic nutrients and serve as an appropriate habitat for microbial growth and reproduction which, in turn, produces binding agents in the formation of macro aggregates.



The interaction between incubation time and amendment rates for the mean weight diameter (MWD) of the soil aggregate was found to be significantly different (p < 0.0001; Table 3). There was a gradual proportional increase in the MWD with time and application rate in all treatments (Figure 7). The MWD at 10% (0.699 mm) biochar rate treatment was highest at day 120 after incubation followed by MWD at 7.5% (0.696 mm) biochar rate treatment. The MWD at 10% and 7.5% biochar application rates from day 40 until day 120 were significantly higher (p < 0.0001) from 0%, 2.5%, and 5% rates. The changes can be possibly attributed to organic material and OC in the biochar which is crucial as a binding agent in the formation and stability of soil aggregates [21,77,78]. The porous nature and structure (high internal surface area, Figure 1b) of biochar serve as binding agents for stabilisation of the soil as well as promotes microbial growth and reproduction which in turn produce temporary binding agents that promote the soil aggregate formation [79]. The interactions between oxidized carboxylic acid groups at the surface of biochar particles possibly are responsible for the increase in soil aggregate stability [80].



Soil loss was significantly (p < 0.0001) affected by the interaction between incubation time and biochar application rate (Table 3). Soil loss gradually decreased with an increase in the biochar application rate and incubation time. The highest soil loss occurred at 60 days after incubation time in the control treatment (9.9 g/splash cup) while the lowest was recorded at 140 days after incubation time (2.48 g/splash cup) with the 10% biochar treated samples (Figure 8). Soil loss significantly decreased by 70%, 65%, 46%, and 27%, for 10%, 7.5%, 5%, and 2.5% biochar treaments, respectively, at the end of the incubation period (Figure 8). The results of this study are in agreement with [66] who reported a significant decrease of 35% to 90% soil loss due to biochar treatment under an extreme rainfall event on degraded mudstone soil. The decrease in soil loss can possibly be attributed to the increase in soil aggregation that can potentially increase the infiltration rate and reduction in runoff that carries the soil (Figure 7). Similarly, [81,82] reported a significant reduction in soil loss and runoff with biochar application due to an increase in porosity. The decrease in bulk density in the control (Figure 5) is associated with soil compaction. As the soil particles settle and compact, structure, and stability of aggregates is reduced, hence they become susceptible to breakdown upon wetting, reducing infiltration, causing ponding and subsequently runoff and erosion. Biochar on the other hand increases porosity and infiltration hence resistance to ponding and erosion.





4. Conclusions


Adding maize residue biochar significantly improved the soil physiochemical properties and microbial activities of an acidic Hutton soil. Soil loss was significantly reduced with an increase in biochar application rate. The biochar application (all rates) significantly decreased soil loss relative to the control. Similarly, changes in BD, SOC, pH, MWD, and MBC were directly proportional to the increase in biochar application rate. In addition, BD, SOC, pH, MWD, and MBC were improved directly proportional to an increase in biochar application rate with the highest at 10% biochar application rate. However, high application rates may not be feasible under smallholder farmer setup, therefore, the information generated can be used for further research to test effect of applying biochar in field studies. Further field studies comparing biochar, lime, and other organic matter sources are needed. We also recommend long-term field studies on the effect of maize residue biochar on soil quality and crop productivity South Africa.
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Figure 1. Maize residue biochar images from (a) Scanning electron micrographs (SEM) and (b) energy-dispersive spectroscopy (EDX) showing the chemical composition intensity. Kev: kilo-electron volt. 
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Figure 2. pH Fluctuations during incubation of a Hutton soil amended with different biochar rates. Error bars indicate standard deviation (SD). 
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Figure 3. Soil organic carbon fluctuations during incubation of a Hutton soil amended with different biochar rates. Error bars indicate SD. 
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Figure 4. Fluctuations in microbial biomass carbon during incubation of a Hutton soil amended with different biochar rates. Error bars indicate SD. Different lowercase letters indicate significant differences at p ≤ 0.001. 
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Figure 5. Changes in bulk density during incubation of a Hutton soil amended with different biochar rates. Error bars indicate SD. 
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Figure 6. Changes in porosity during incubation of a Hutton soil amended with different biochar rates. Error bars indicate SD. 
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Figure 7. Changes in mean weight diameter (MWD) during incubation of a Hutton soil amended with different biochar rates. Error bars indicate SD. 
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Figure 8. Changes in soil loss during incubation of a Hutton soil amended with different biochar rates. Different lowercase letters indicate significant differences at p ≤ 0.001. 
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Table 1. The calculated application rates of biochar used in the incubation trial.






Table 1. The calculated application rates of biochar used in the incubation trial.





	% (w/w)
	Estimated Biochar kg−1 Soil (g)
	Estimated t ha−1 (15 cm Depth)





	2.5
	25
	50



	5
	50
	100



	7.5
	75
	150



	10
	100
	200
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Table 2. Selected properties of the soil, biochar feed-stock (maize residue) and biochar used in the incubation study.
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	Properties
	Soil
	Feed-Stock Material
	Maize Biochar





	Sand (%)
	41
	-
	-



	Silt (%)
	33.6
	-
	-



	Clay (%)
	25.4
	-
	-



	Field capacity (m3/m3)
	0.36
	-
	-



	pH
	4.1
	-
	9.42



	EC (m S m−1)
	80.9
	-
	2.61



	SOC (%)
	2.2
	-
	-



	TN (%)
	0.16
	1.62
	1.92



	TOC (%)
	2.69
	45.26
	46.89



	C/N
	16.77
	27.94
	24.42



	Exc. Ca (mg kg−1)
	221
	0.3
	0.27



	Exc. Mg (mg kg−1)
	79
	0.34
	0.17



	Exc. K (mg kg−1)
	125–221
	1.12
	0.45



	Exc. Na (mg kg−1)
	5.9
	121.9
	1419.5



	Ash Content (%)
	-
	-
	43.34



	Volatile Matter (%)
	-
	-
	8.57







EC: electrical conductivity; SOC: organic carbon; TN: total nitrogen; TOC: total organic carbon; C/N: carbon notrogen ratio; Exc. Ca: exchangeable Ca; Exc. Mg: exchangeable Mg; Exc. K: exchangeable K; Exc. Na: exchangeable Na; -: Not determine.
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Table 3. Summary of analysis of variance for various parameters analysed.
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	Source of Variation
	
	pH
	EC
	MWD
	SOC
	Bulk Density
	Porosity
	Soil Loss





	Biochar Rate (BR)
	p
	0.0001 *
	ns
	0.0001 *
	0.0001 *
	0.0001 *
	0.0001 *
	0.0001 *



	
	f (4119)
	253.79
	ns
	49.38
	8.93
	853.45
	853.45
	613.5



	Time (T)
	p
	0.0001 *
	ns
	0.0001 *
	0.0001 *
	0.0001 *
	0.0001 *
	0.0001 *



	
	f (7119)
	15.57
	1.16
	151.00
	9.27
	40.84
	40.84
	418.9



	T × BR
	p
	0.0001 *
	ns
	0.0001 *
	ns
	0.0001 *
	0.0001 *
	0.0001 *



	
	f (39,119)
	12.38
	1.02
	9.93
	0.70
	6.57
	0.57
	16.2



	CV
	
	3.32
	10.3
	17.40
	6.73
	1.17
	5.28
	4.20







ns: not significant; * significant at p ≤ 0.0001; EC: electrical conductivity; MWD: mean weight diameter of soil aggregates; SOC: soil organic carbon.
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