Effects of Biochar on Carbon Pool, N Mineralization, Microbial Biomass and Microbial Respiration from Mollisol
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Abstract: Biochar incorporation as a soil amendment has been shown to enhance soil quality. However, there has been conflicting reports on its short term effects on C and N mineralization and microbial biomass. An incubation experiment was conducted to determine the effects of three different levels (0.5 %, 1 %, and 2 %) of biochar on carbon mineralization, soil organic carbon, nitrogen mineralization, microbial biomass and total nitrogen from mollisols of two different organic matter ( high organic matter soil and low organic matter soil) levels. The experiment consisted of four treatments (Soil, Soil + 0.5 % biochar, Soil + 1 % biochar and Soil + 2 % biochar) and each was replicated three times. Overall, soil respiration rate was reduced by biochar additions over a 100-day period. 2 % application rate showed greatest CO2 reduction. Soil respiration in high organic matter soil was higher than low organic matter soil. NO3--N level was reduced by biochar addition in both high and low organic matter soils. Control (Soil) of the high organic matter soil showed the highest NO3--N (33.79 mg kg-1) and NH4+-N (7.23 mg kg-1) values at 70 days. Total nitrogen was increased by biochar additions; 1 % and 2 % application rates showed the highest total nitrogen values. Biochar additions also increased soil microbial biomass carbon and soil microbial biomass nitrogen of both soils.
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1. Introduction
Biochar is the product of the thermal degradation of organic materials in the absence of air (pyrolysis) and is distinguished from charcoal by its use as a soil amendment (Lehmann et al., 2011). It is considered as a carbon-rich organic matter with long residence time up to hundreds of years (Kuzyakov et al., 2009; Lehmann et al., 2015). Biochars made from diverse biomass species (feedstock) are characterized by different morphological and chemical properties but also characteristically differ based on specific pyrolysis conditions (i.e., final pyrolysis temperature or peak temperature, rate of charring or ramp rate, and duration of charring time) (Mukherjee and Zimmerman, 2013). Hence biochar properties and the effect on crop production depend on feedstock, pyrolysis conditions and soil type (Jeffery et al., 2011). Biochar application is reported to stimulate (Wardle et al., 2008; Luo et al., 2011) or conversely, to suppress (Keith et al., 2011; Zimmerman et al., 2011) the mineralization of native soil organic carbon (SOC); these effects are termed positive and negative priming, respectively (Luo et al., 2011; Keith et al., 2011; Zimmerman et al., 2011). The differing results observed in previous studies may have been due to variations in the proportion of labile C in biochars (Luo et al., 2011), presence or absence of plant-derived labile organic matter input in soil (Keith et al., 2011), and the degree of biochar ageing in soil (Zimmerman et al., 2011; Cross and Sohi, 2011; Liang et al., 2010)
Soil respiration is a product of several rhizospheric processes i.e. root exudation, root respiration, and root turnover, as well as decomposition of litter and bulk soil organic matter from various pools with different characteristic turnover times (Luo et al., 2001). Release of CO2 from soils due to production of CO2 by roots and soil organisms and, to a lesser extent, chemical oxidation of carbon compounds is commonly referred to as soil respiration. Soil surface CO2 efflux, or soil respiration, is a major component of the biosphere’s carbon cycle which is influenced by the environment change because it may constitute about three-quarters of total ecosystem respiration (Law et al., 2001). Application of biochar has been shown to have a variety of effects on the soil biota which may be associated with its impacts on C and N cycling. Biochar has the capacity to potentially sequester C, and also has agronomic benefits (Sohi et al., 2010; Spokas et al., 2012; Schulz and Glaser, 2012). Biochar amendments can alter soil N dynamics (Clough and Condron 2010), increase soil pH, base saturation, available nutrient content, nutrient retention and CEC (Tiessen et al., 1994; Glaser et al., 2002; Moreira et al., 2005; Mukherjee and Zimmerman, 2013), and decrease Al toxicity (Glaser et al., 2002). 
Many research works (Spokas and Reicosky, 2009; Prayogo et al., 2014) have been done to determine how mineralization of C and N is affected by biochar application but few emphases have been made on testing the effects of different biochar application rates on microbial respiration, nitrogen mineralization, microbial biomass and soil organic carbon pool from mollisol of two different suborders with different organic matter levels. The rate of biochar application to soil would be expected to have a serious influence on the impact of biochar on soil processes, including microbial soil respiration and nitrogen mineralization. Therefore, a laboratory incubation method in which soil temperature and moisture regimes could be manipulated was employed. The objectives of this study are to determine the effects of low and high biochar application rates on microbial soil respiration, soil organic carbon content, N mineralization as well as microbial biomass from mollisol of two different suborders with varying organic matter levels.

2. Materials and Methods
2.1 Soil and Biochar
Mollisol consisting of two levels of organic matter, high organic matter and low organic matter was used for the experiment. The high organic matter soil which is of the Suborder Udolls (Dark colored) was obtained from the Experimental and Practical Basement of Northeast Agricultural University while the low organic matter soil which is of the Suborder Albolls (Light colored and high concentration of sand and silt) was obtained from Northeast Forestry University. The crop planted in the previous season on both soils was maize. The soils were collected randomly at a depth of 0-20 cm, after sieving to < 2mm and the basic properties determined (Table 1). The biochar which was produced from corn at a pyrolysis temperature of 450 ºC in an oxygen-restricted environment in a batch system was provided by Jin and Fu Agriculture Co., China and was crushed to pass through 2 mm sieve. The properties of biochar are listed in Table 1.

Table 1. Physical and chemical properties of soils and biochar
	Parameter
	Soil (High OM)
	Soil (Low OM)
	Biochar

	pH
	6.12
	6.02
	9.89

	Total N (g kg-1)
	0.7
	0.34
	6.89

	Available N (mg kg-1)
	Nd
	Nd
	*

	Organic Carbon (g kg-1)
	38.2
	10.1
	415.3

	Available P (mg kg-1)
	23.8
	19.3
	*

	Total P (g kg-1)
	Nd
	Nd
	10.26

	Available K (mg kg-1)
	185.6
	180.1
	25.9

	Particle Size (g kg-1)
	
	
	

	Sand
	500
	520
	Nd

	Silt 
	190
	200
	Nd

	Clay
	310
	280
	Nd

	Textural Class (USDA)
	Clay Loam
	Clay Loam
	Nd

	Bulk Density (g cm-3)
	1.38
	1.42
	Nd


* = Quantity too low to be detected, Nd = Not determined


2.2 Incubation procedure and soil respiration
Soil sieved to 2 mm was amended with biochar at different rates, 0.5 %, 1 %, and 2 %. For incubation, equivalent to 25 g dry weight soil was placed in air-tight glass jars (0.3L) for anaerobic incubation with 3 replicates. All treatments and control were moistened to 60 % of their water holding capacity and incubated for 100 days at 25 ºC in the dark. Water content was regularly checked gravimetrically and adjusted with de-ionized water. Carbon mineralization was measured as CO2-C using alkaline trap (Tufekcioglu et al., 2001) during 100 days of incubation. The emitted CO2 was trapped in 10 ml of NaOH which was titrated with HCl on days 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, 80, 90 and 100 after carbonate precipitation with BaCl2.
2.3 Analytical methods
Soils from the jars were analyzed for selected chemical properties; soil organic carbon, microbial biomass C and N, Total N. Ammonium nitrogen and nitrate nitrogen contents were extracted with 2M KCl (1:10 w/v) after shaking for 2 hr and determined colorimetrically using the salicylate method as the variation of Berthelot-Phenate method. Microbial biomass C and N were determined by fumigation and extraction technique as described by Vance et al., (1987). SOC was measured using wet oxidation with K2Cr2O7 while Total N was measured using Kjeldahl method.
2.4 Statistical Analysis
	 The statistical analyses were performed using SPSS 19.0 program. After testing of assumptions, analysis of variance (ANOVA) was performed followed by Duncan Multiple Range Test (DMRT). Results marked as significantly different are different at P<0.05 unless specified in text. All reported values are means of three replicates.

3. Results
3.1 Microbial soil respiration
	 Biochar application to soil had effects on CO2-C release (Fig. 1) with respect to soil alone. Difference was found in CO2-C among the rates of application in the two soils. The mineralization of C was slightly depressed by 1% biochar addition and 2% biochar addition, however, stimulated by 0.5% biochar addition. The respiration rate of 0.5% biochar was higher at the beginning than the control until 20 days incubation (15 mg CO2-C g-1d-1) for high organic matter soil (Fig.1a) and 15 days incubation (15.4 mg CO2-C g-1d-1) for the low organic matter soil (Fig. 1b). There was a sharp decline in all respiration rates during the first 25 days of incubation after which the respiration rate became steady. It was observed that the higher the rate of biochar applied, the lower is the amount of CO2-C that was released, which is an indication that there is decreased decomposition following biochar application to soils. High organic matter soil recorded higher soil respiration rate than low organic matter soil throughout the incubation period. 





Figure 1. Respiration rates of high organic matter soil (a) and low organic matter soil (b) amended with biochar at 0.5 %, 1 % and 2 % levels (Means ± SE, n = 3) 


3.2 Soil Organic Carbon (SOC)
SOC increased with increasing biochar application in all treatments for both high organic matter soil and low organic matter soil at 50 and 100 days of incubation (Table 2). Soil + 1 % biochar and Soil + 2 % biochar were significantly (P<0.01) higher than control (soil). The highest SOC value (58.8 g kg-1) was shown by Soil + 2 % biochar of the high organic matter soil at 100 days incubation.


Table 2. SOC of high organic matter soil (a) and low organic matter soil (b) at 50 days and 100 days of incubation as affected by biochar additions (Mean ± SE, n = 3)
	Soil code
	Treatments
	SOC (g kg-1)

	
	
	50d
	100d

	(a)
	Soil 
	36.3±1.12 d
	37.6±1.79 c

	
	Soil + 0.5 % biochar
	53.1±0.56 c
	53.1±1.12 b

	
	Soil + 1 % biochar
	56.4±1.12 b
	53.8±1.96 b

	
	Soil + 2 % biochar
	57.8±0.56 a
	58.8±0.85 a

	(b)
	Soil 
	9.7±1.71 d
	10.2±1.71 d

	
	Soil + 0.5 % biochar
	21.8±1.12 c
	22.5±1.71 c

	
	Soil + 1 % biochar
	28.1±1.71 b
	27.6±1.16 b

	 
	Soil + 2 % biochar
	36.7±1.41 a
	37.1±1.71 a


* Means followed by different letters are significantly different (P<0.01)


3.3 N mineralization
The levels of NO3--N increased between 20 and 40 days for both soils (Table 3). Mineralization was greatest in control (Soil), followed by Soil + 0.5 % biochar. Biochar application significantly (P<0.05) reduced mineralization at 20, 40, 60 and 90 days for the high organic matter soil while significant (P<0.05) reduction by biochar was observed at 40 and 100 days for the low organic matter soil. Highest NO3--N levels were recorded at 70 days for both soils. Between 20 and 40 days, NH4+-N levels reduced in all soils (Table 4). Greatest NH4+-N reduction was observed at 90 days, indicating net immobilization. Rates of immobilization were significantly (P<0.05) highest in treatment receiving 2 % biochar relative to other treatments. Control (Soil) was significantly (P<0.05) higher than Soil + 2 % biochar at 40 and 90 days for the high organic matter soil while significant differences among treatments were observed at 20 and 90 days for the low organic matter soil.


Table 3. NO3--N levels in biochar-amended high organic matter soil (a) and low organic matter soil (b) during incubation
	Soil code
	Treatments
	 NO3--N (mg kg-1)

	
	
	20 d
	40 d
	60 d
	70 d
	90 d
	100 d

	(a)
	Soil 
	15.32a
	23.37a
	19.17a
	33.79a
	26.84a
	27.13a

	
	Soil + 0.5 % biochar
	15.19a
	21.47b
	17.34b
	33.44a
	25.10ab
	24.94a

	
	Soil + 1 % biochar
	14.15b
	21.06b
	16.10b
	31.74a
	24.22b
	24.38a

	
	Soil + 2 % biochar
	13.93b
	21.28b
	16.77b
	32.94a
	23.30b
	26.43a

	(b)
	Soil 
	6.52a
	7.99ab
	9.73b
	26.68a
	12.60a
	17.56a

	
	Soil + 0.5 % biochar
	6.44a
	9.44a
	9.35a
	25.55a
	11.94a
	15.67ab

	
	Soil + 1 % biochar
	6.51a
	6.99b
	8.56a
	24.35a
	9.81a
	14.72b

	 
	Soil + 2 % biochar
	5.97a
	8.81ab
	8.46a
	23.68a
	9.54a
	14.21b


* Means followed by different letters are significantly different (P<0.05)

Table 4. NH4+-N levels in biochar-amended high organic matter soil (a) and low organic matter soil (b) during incubation 
	Soil code
	Treatments
	[bookmark: _GoBack] NH4+-N (mg kg-1)

	
	
	20 d
	40 d
	60 d
	70 d
	90 d
	100 d

	(a)
	Soil 
	3.28a
	0.70a
	2.42a
	7.23a
	0.52a
	0.73a

	
	Soil + 0.5 % biochar
	2.85a
	0.58a
	3.37a
	5.27a
	0.47a
	0.68a

	
	Soil + 1 % biochar
	3.26a
	0.60a
	2.60a
	2.27a
	0.30b
	0.67a

	
	Soil + 2 % biochar
	2.60a
	0.38b
	2.00a
	2.00a
	0.28b
	0.57a

	(b)
	Soil 
	4.42a
	0.68a
	3.15a
	2.92a
	0.45a
	0.72a

	
	Soil + 0.5 % biochar
	1.97b
	0.67a
	2.70a
	2.62a
	0.43a
	0.72a

	
	Soil + 1 % biochar
	2.62ab
	0.78a
	2.33a
	2.32a
	0.32b
	0.72a

	 
	Soil + 2 % biochar
	1.75b
	0.67a
	2.00a
	2.90a
	0.30b
	0.73a


* Means followed by different letters are significantly different (P<0.05)


3.4 Soil Microbial Biomass Carbon (SMBC)
Changes in SMBC under different rates of biochar were large as shown in Fig. 2. A sharp increase in SMBC was observed at 20 days for both soils with a further decline at 40 days. SMBC was highest at 20 days for both high organic matter soil and low organic matter soil (Fig. 2a and 2b). The results of the soil microbial biomass analysis also indicate that the high organic matter soil contains the greatest microbial biomass C. Treatment receiving 2% biochar was significantly (P<0.05) higher than other treatments throughout the incubation period. The variations in the microbial biomass C among the different soil types is an indication of the differences in their microbial activities. 




 
Figure 2. Soil MBC for high organic matter soil (a) and low organic matter soil (b) amended with biochar at 0.5%, 1% and 2% levels (Mean ± SE, n = 3)


3.5 Soil Microbial Biomass Nitrogen
At 50 days for the high organic matter soil (Table 5), treatment receiving 2% biochar showed the highest SMBN (111.9 µg g-1) and it was significantly (P<0.001) higher than other treatments, while for the low organic matter soil, treatment receiving 2% biochar (80.8 µg g-1) was also significantly (P<0.001) higher than other treatments. At 100 days for the high organic matter soil (Table 5), the treatment receiving 2% biochar showed the highest SMBN (76.67 µg g-1) and it was significantly (P<0.001) different from other treatments. Treatments receiving 0.5 % and 1 % biochar were not significantly different from each other. For the low organic matter soil, treatment receiving 2 % biochar (74.6 µg g-1) was significantly (P<0.001) higher than other treatments. 


Table 5. Soil MBN for high organic matter soil (a) and low organic matter soil (b) amended with biochar at 0.5 %, 1 % and 2 % levels at 50 and 100 days of days incubation (Mean ± SE, n = 3)
	Soil code
	Treatments
	MBN (µg g-1)

	
	
	50 days
	100 days

	(a)
	Soil 
	47.7±3.59 d
	29.0±7.18 c

	
	Soil + 0.5 % biochar
	64.2±9.50 c
	58.0±9.50 b

	
	Soil + 1 % biochar
	80.8±17.10 b
	55.9±6.22 b

	
	Soil + 2 % biochar
	111.9±18.65 a
	76.67±10.89 a

	(b)
	Soil 
	35.2±9.49 c
	26.9±15.64 d

	
	Soil + 0.5 % biochar
	49.7±16.45 b
	47.7±13.45 b

	
	Soill + 1 % biochar
	45.6±7.18 b
	41.4±8.12 c

	 
	Soil + 2 % biochar
	80.8±12.43 a
	74.6±9.46 a


* Means followed by different letters are significantly different (P<0.001)


3.6 Total N
The Total N values following biochar addition are shown in Fig. 3. The high organic matter soil was higher in soil Total N (Fig. 3a). Higher biochar application rate increased soil Total N throughout the incubation period in relation to control. Treatment receiving 2 % biochar showed the highest Total N value and it was significantly (P<0.05) higher at 70 and 100 days. Slight increase in Total N was shown by Soil + 2 % biochar of the low organic matter soil in the first 20 days (Fig. 3b). Soil + 2 % biochar was significantly (P<0.05) higher at 10, 20, 60 and 80 days with respect to other treatments. Control (Soil) showed the lowest soil Total N value throughout the 100 days incubation.




Figure 3. Soil Total N for high organic matter soil (a) and low organic matter soil (b) amended with biochar at 0.5 %, 1 % and 2 % levels (Mean ± SE, n = 3)


4. Discussion
Many research works conducted in China have shown that biochar application to agricultural soils has little or no effect on carbon mineralization (CO2-C efflux). There is decreased decomposition or negative priming following biochar application to soils which inadvertently leads to a reduction in soil respiration. Findings from this research showed that biochar treatment with highest application rate 2 %, which is equivalent to 40 t ha-1 recorded the lowest mineralization, and it is in agreement with the findings of (Liu et al. 2011; Case et al. 2014; Schimmelpfennig et al. 2014). Soil + 2 % biochar reduced CO2-C mineralization by 15.8 % in the high organic matter soil and 16.1 % in the low organic matter soil at 10 days incubation. Even though improvement in the growth of soil microorganisms following biochar application has been reported (Chen et al. 2015; Lu et al. 2015), it did not amount to an increase in soil respiration. The reason that can be adduced to this could be that the fine particles in biochar might have taken up the evolved CO2-C to an extent, thereby limiting its release to the atmosphere. 
Biochar additions largely increased SOC and contributed to carbon storage. This finding is in agreement with the work of Biederman and Harpole (2012). The observed increases in SOC following biochar addition were expected considering the high carbon content (81%) and recalcitrant carbon of biochar.
Mineral nitrogen content (NH4+-N and NO3--N) in the rhizosphere soil is an important indicator of threats to soil by nitrogen saturation (Fingerman et al. 2011). The N mineral forms are the forms in which agricultural crops take in nitrogen from soil. The findings from this research showed that biochar when added to soil reduced N mineralization and accumulation of NO3--N and NH4+-N which is in consonance with the works of (Novak et al. 2010; Taghizadeh-Toosi et al. 2011; Zavalloni et al. 2011). High biochar concentration significantly reduced NO3--N and NH4+-N concentrations. The reason for this could be as a result of a change in soil pH that follows biochar addition which inadvertently affects the structure of soil microbial organisms.
The changes showed in SMBC among treatments point out the activities of microorganisms and breakdown of organic matter. The results from this study established that SMBC increased with biochar application relative to control, which is an indication that biochar addition to soils can accelerate the growth of microbes (mostly bacteria and fungi). Same results have been reported by several authors (Anderson and Domsch 1993; Tian et al. 2008; Kolb et al. 2008; Aciego Pietri and Brookes 2009; Liang et al. 2010; Lehmann et al. 2011). The effect of biochar on soil microbial biomass and activity depends mainly on biochar type (feedstock and pyrolysis temperature). For SMBN, biochar had positive effects on soil microbial biomass nitrogen. The addition of biochar increased the microbial composition of both soils and enhanced the release of biomass N. Biochar concentration also affected SMBN release from soils following the death of these microbes. This result is in consonance with the work of Zhang et al. 2014. 
Total N is the sum of total kjeldahl nitrogen (ammonia, organic and reduced nitrogen) and nitrate-nitrate. Biochar additions increased soil Total N, which is consistent with the work of Zhang et al. 2012b who recorded a significant maize increase, accompanied by increased soil Total N content following application of different levels of a nutrient rich wheat-straw biochar (20 and 40 t ha−1) but in contrast to the findings of Jones et al. 2012. The tendency of biochar amendment to increase soil Total N depends on the feedstock used in biochar production as well as the pyrolysis temperature. It also depends on soil properties as well as the prevailing weather and climatic conditions. Biochar properties such as large surface area and high porosity could also be responsible for the changes in Total N when it is added to soil.

5. Conclusion
This study shows that addition of biochar to Mollisols reduced soil respiration rate throughout the 100-days incubation period. Higher biochar concentration caused a further decline in soil respiration rates. Incorporation of biochar to soils increased SOC and soil Total N content, hence high biochar rate can be applied to soils as amendment to boost SOC and soil Total N. A positive effect on soil microbial biomass carbon SMBC and soil microbial biomass nitrogen SMBN was also shown by biochar. However, biochar addition reduced mineral soil nitrogen in the forms of NO3--N and NH4+-N.
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(a)
Soil	0.91593303976509766	1.1073090505063778	1.3442222038537164	0.88000000000000012	1.3442222038537144	1.5452292170850608	2.2579046333566266	1.9179155351578983	2.0793588755511387	1.5452292170850654	0.87999999999999345	0.88000000000000045	1.1073090505063778	1.1073090505063758	0.91593303976509766	1.1073090505063778	1.3442222038537164	0.88000000000000012	1.3442222038537144	1.5452292170850608	2.2579046333566266	1.9179155351578983	2.0793588755511387	1.5452292170850654	0.87999999999999345	0.88000000000000045	1.1073090505063778	1.1073090505063758	5	10	15	20	25	30	35	40	50	60	70	80	90	100	25.8	21.4	17	13.5	11.2	10.7	10.7	10.1	10.7	8.2000000000000011	6.6	4	3.8	3.7	Soil + 0.5 % biochar	0.91593303976509766	0.67211110192685652	0.91593303976509766	0.25403411844343321	0.88000000000000123	1.4144021116122962	2.6399999999999975	1.984069891242072	1.3442222038537106	0.6721111019268583	0.44000000000000006	0.44000000000000006	0.67211110192686152	0.91593303976510032	0.91593303976509766	0.67211110192685652	0.91593303976509766	0.25403411844343321	0.88000000000000123	1.4144021116122962	2.6399999999999975	1.984069891242072	1.3442222038537106	0.6721111019268583	0.44000000000000006	0.44000000000000006	0.67211110192686152	0.91593303976510032	5	10	15	20	25	30	35	40	50	60	70	80	90	100	31	23	17	15	10.1	11.3	10.1	9.8000000000000007	9.5	10	6.6	4	3.8	3.7	Soil + 1 % biochar	0.67211110192686008	0.44000000000000011	0.67211110192685852	1.5864425612041368	1.1073090505063758	0.6721111019268583	1.1073090505063758	0.50806823688687164	0.76210235533030513	2.3282611537368427	0.44000000000000239	1.1073090505063778	0.88000000000000245	1.1073090505063758	0.67211110192686008	0.44000000000000011	0.67211110192685852	1.5864425612041368	1.1073090505063758	0.6721111019268583	1.1073090505063758	0.50806823688687164	0.76210235533030513	2.3282611537368427	0.44000000000000239	1.1073090505063778	0.88000000000000245	1.1073090505063758	5	10	15	20	25	30	35	40	50	60	70	80	90	100	25.2	20.2	14.2	12.3	9.5	10	9.8000000000000007	10.3	9.7000000000000011	9.7000000000000011	5.7	3.2	3.1	2.9	Soil + 2 % biochar	1.1073090505063758	0.44000000000000011	0.88000000000000211	1.1641305768684227	0.67211110192685897	0.25403411844343621	0.67211110192685597	0.43999999999999939	0.67211110192685897	0.88000000000000123	1.1073090505063778	0.44000000000000627	0.88000000000000245	0.67211110192685919	1.1073090505063758	0.44000000000000011	0.88000000000000211	1.1641305768684227	0.67211110192685897	0.25403411844343621	0.67211110192685597	0.43999999999999939	0.67211110192685897	0.88000000000000123	1.1073090505063778	0.44000000000000627	0.88000000000000245	0.67211110192685919	5	10	15	20	25	30	35	40	50	60	70	80	90	100	22.6	18	13.2	11.9	8.2000000000000011	9.4	9.5	8.8000000000000007	8.2000000000000011	7.5	5.6	3.1	3.1	3.2	Incubation Time (Days)

Respiration rate (mg CO2 g-1 d-1)



(b)
Soil	0.67211110192685497	0.87999999999999889	1.1073090505063778	0.91593303976509666	0.67211110192685786	0.44000000000000217	1.1073090505063778	1.5452292170850515	1.1073090505063778	2.2146181010127437	0.67211110192685919	0.91593303976510032	1.1073090505063758	1.2701705922171758	0.67211110192685497	0.87999999999999889	1.1073090505063778	0.91593303976509666	0.67211110192685786	0.44000000000000217	1.1073090505063778	1.5452292170850515	1.1073090505063778	2.2146181010127437	0.67211110192685919	0.91593303976510032	1.1073090505063758	1.2701705922171758	5	10	15	20	25	30	35	40	50	60	70	80	90	100	20.399999999999999	18	13.5	10.7	7.2	5.7	5.6	5	4.5	4.2	3.7	3.7	3.8	3.7	Soil + 0.5 % biochar	0.67211110192685808	0.88	1.5864425612041573	0.87999999999999978	2.0163333057805706	0.880000000000004	1.1073090505063758	1.1073090505063778	1.5864425612041637	1.98406989124208	0.67211110192685652	1.1641305768684245	1.3442222038537159	1.1073090505063778	0.67211110192685808	0.88	1.5864425612041573	0.87999999999999978	2.0163333057805706	0.880000000000004	1.1073090505063758	1.1073090505063778	1.5864425612041637	1.98406989124208	0.67211110192685652	1.1641305768684245	1.3442222038537159	1.1073090505063778	5	10	15	20	25	30	35	40	50	60	70	80	90	100	21.7	19.399999999999999	15.4	10.6	7	5.7	5.3	4.8	4.2	3.9	3.4	3.1	2.9	3.2	Soil + 1 % biochar	0.44000000000000128	0.67211110192685852	1.1641305768684247	0.67211110192685541	1.8318660795301958	0.44000000000000006	0.67211110192685597	1.1073090505063758	0.67211110192685541	1.1073090505063758	0.67211110192685786	0.67211110192685519	0.67211110192685386	0.91593303976509599	0.44000000000000128	0.67211110192685852	1.1641305768684247	0.67211110192685541	1.8318660795301958	0.44000000000000006	0.67211110192685597	1.1073090505063758	0.67211110192685541	1.1073090505063758	0.67211110192685786	0.67211110192685519	0.67211110192685386	0.91593303976509599	5	10	15	20	25	30	35	40	50	60	70	80	90	100	18.899999999999999	16.399999999999999	13.2	9.1	6.8	4.8	4.5999999999999996	4.0999999999999996	3.6	3.1	2.8	2.4	2.4	2.1	Soil + 2 % biochar	0	0.25403411844343321	0.67211110192685541	0.67211110192685652	0.67211110192685897	1.7782388291040503	0.91593303976509843	0.67211110192685597	0.50806823688686809	0.91593303976509666	0.44000000000000006	0.4399999999999995	0.91593303976509544	1.1641305768684238	1.3200000000000027	0.25403411844343321	0.67211110192685541	0.67211110192685652	0.67211110192685897	1.7782388291040503	0.91593303976509843	0.67211110192685597	0.50806823688686809	0.91593303976509666	0.44000000000000006	0.4399999999999995	0.91593303976509544	1.1641305768684238	1.3200000000000027	5	10	15	20	25	30	35	40	50	60	70	80	90	100	17.899999999999999	15.1	13.5	8.2000000000000011	6.8	4.0999999999999996	3.7	3.4	2.9	2.6	2.2000000000000002	2.4	2.2000000000000002	2.2000000000000002	Incubation Time (Days)

Respiration rate (mg CO2 g-1 d-1)



(a)
Soil	44.360647380432795	19.295055557709109	7.2928455055533092	25.263157894736899	7.2928455055530383	38.590111115417628	26.294728414309187	44.360647380432404	36.464227527765729	7.2928455055533012	44.360647380432795	19.295055557709109	7.2928455055533092	25.263157894736899	7.2928455055530383	38.590111115417628	26.294728414309187	44.360647380432404	36.464227527765729	7.2928455055533012	10	20	30	40	50	60	70	80	90	100	197.8947	261.05259999999993	134.73679999999999	101.0526	130.52630000000036	105.26320000000018	181.05260000000001	96.842100000000002	147.36840000000049	96.842100000000002	Soil + 0.5 % biochar	19.295055557708825	37.894736842105473	45.543805584809022	19.295055557708647	29.759999999999987	84.105197286055159	76.139542400105654	43.690000000000012	52.456320000000005	46.21	19.295055557708825	37.894736842105473	45.543805584809022	19.295055557708647	29.759999999999987	84.105197286055159	76.139542400105654	43.690000000000012	52.456320000000005	46.21	10	20	30	40	50	60	70	80	90	100	231.5789	454.73679999999865	366.31580000000002	147.36840000000049	231.5789	168.42110000000037	273.68419999999969	134.73679999999999	240	265.2631999999989	Soil + 1 % biochar	29.171382022212608	7.292845505553391	50.526315789473429	25.263157894736789	56.958944246183933	56.32	48.56	59.694513173717155	49.25	65.635609549978426	29.171382022212608	7.292845505553391	50.526315789473429	25.263157894736789	56.958944246183933	56.32	48.56	59.694513173717155	49.25	65.635609549978426	10	20	30	40	50	60	70	80	90	100	223.15790000000001	463.15789999999998	290.52629999999897	164.23104999999998	244.21049999999997	210.52630000000036	303.15789999999998	181.05260000000001	265.2631999999989	277.8947	Soil + 2 % biochar	31.788776569561122	34.28	38.590111115417763	82.830802412235698	41.96	33.420016560816144	66.840033121631649	33.420016560815398	36.21	39.870000000000005	31.788776569561122	34.28	38.590111115417763	82.830802412235698	41.96	33.420016560816144	66.840033121631649	33.420016560815398	36.21	39.870000000000005	10	20	30	40	50	60	70	80	90	100	273.68419999999969	564.21050000000002	395.78949999999969	214.73679999999999	357.8947	298.94740000000002	328.42109999999877	240	303.15789999999998	374.73679999999865	Incubation Time (Days)

Microbial Biomass C (µg  g-1)



(b)
Soil	43.757073033319095	27.175329960255603	38.590111115417763	55.059776128934942	31.788776569561044	26.294728414309123	54.230000000000011	19.295055557708977	21.878536516659338	33.42001656081586	43.757073033319095	27.175329960255603	38.590111115417763	55.059776128934942	31.788776569561044	26.294728414309123	54.230000000000011	19.295055557708977	21.878536516659338	33.42001656081586	10	20	30	40	50	60	70	80	90	100	164.21049999999997	169.78	92.631600000000006	88.421099999999996	122.10529999999999	92.631299999999996	105.26320000000018	92.631600000000006	101.0526	88.421099999999996	Soil + 0.5 % biochar	12.631578947368411	14.585691011106556	36.849999999999994	21.878536516659338	46.275100000000108	34.58	49.42	55.059776128934871	12.631578947368601	31.788776569561044	12.631578947368411	14.585691011106556	36.849999999999994	21.878536516659338	46.275100000000108	34.58	49.42	55.059776128934871	12.631578947368601	31.788776569561044	10	20	30	40	50	60	70	80	90	100	227.36840000000049	408.42109999999877	307.36840000000001	113.6842	193.6842	143.15790000000001	176.6421	126.3158	138.94740000000004	117.8947	Soil + 1 % biochar	46.25	27.45	46.58	31.78877656956098	45.98	51.049918538872063	7.2928455055530064	45.32	32.15	28.69	46.25	27.45	46.58	31.78877656956098	45.98	51.049918538872063	7.2928455055530064	45.32	32.15	28.69	10	20	30	40	50	60	70	80	90	100	218.94740000000004	366.31580000000002	265.2631999999989	143.15790000000001	223.15790000000001	155.78949999999998	210.52630000000036	155.78949999999998	176.84210000000004	193.6842	Soil + 2 % biochar	29.171382022212835	33.420016560815831	31.788776569561016	49.56	37.58	19.295055557708633	54.68	29.87	26.294728414309169	7.2928455055530135	29.171382022212835	33.420016560815831	31.788776569561016	49.56	37.58	19.295055557708633	54.68	29.87	26.294728414309169	7.2928455055530135	10	20	30	40	50	60	70	80	90	100	256.84210000000002	505.2631999999989	374.73679999999865	155.78949999999998	311.57889999999969	258.84210000000002	218.94740000000004	210.52630000000036	294.73679999999865	273.68419999999969	Incubation Time (Days)

Microbial Biomass C (µg  g-1)



(a)
Soil	5.8286647985051815E-2	2.8000000000000032E-2	2.8000000000000032E-2	1.0000000000000005E-2	8.0829037686547603E-2	3.2331615074619187E-2	2.8000000000000032E-2	1.61658075373096E-2	2.8000000000000032E-2	1.6165807537309482E-2	5.8286647985051815E-2	2.8000000000000032E-2	2.8000000000000032E-2	1.0000000000000005E-2	8.0829037686547603E-2	3.2331615074619187E-2	2.8000000000000032E-2	1.61658075373096E-2	2.8000000000000032E-2	1.6165807537309482E-2	10	20	30	40	50	60	70	80	90	100	0.6500000000000018	0.73000000000000065	0.73000000000000065	0.70000000000000062	0.75000000000000155	0.68	0.73000000000000065	0.68	0.70000000000000062	0.71000000000000063	Soil + 0.5 % biochar	0.14816207341961735	0.14816207341961618	0.10095543571299158	8.0829037686547617E-2	0.14368484030451217	4.2770706486254556E-2	0.1165732959701032	0.14000000000000021	8.0829037686547617E-2	2.8000000000000032E-2	0.14816207341961735	0.14816207341961618	0.10095543571299158	8.0829037686547617E-2	0.14368484030451217	4.2770706486254556E-2	0.1165732959701032	0.14000000000000021	8.0829037686547617E-2	2.8000000000000032E-2	10	20	30	40	50	60	70	80	90	100	0.76000000000000156	0.8	0.81	0.75000000000000155	0.86000000000000065	0.74000000000000143	0.91	0.84000000000000064	0.79	0.73000000000000065	Soil + 1 % biochar	7.4081036709808756E-2	0.14368484030451217	0.12204917041913722	0.10095543571299161	0.14368484030451217	0.1293264602984763	5.5999999999999994E-2	3.2331615074619117E-2	0.114	1.6165807537309482E-2	7.4081036709808756E-2	0.14368484030451217	0.12204917041913722	0.10095543571299161	0.14368484030451217	0.1293264602984763	5.5999999999999994E-2	3.2331615074619117E-2	0.114	1.6165807537309482E-2	10	20	30	40	50	60	70	80	90	100	0.81	0.82000000000000062	0.84000000000000064	0.9	0.82000000000000062	0.78	0.9	0.83000000000000063	0.79	0.85000000000000064	Soil + 2 % biochar	9.0007407102600898E-2	8.0829037686547534E-2	0.10199999999999998	8.0829037686547534E-2	9.8332768359958828E-2	7.0465121395860336E-2	1.6165807537309541E-2	0.14093024279172131	0.16165807537309487	9.0007407102600898E-2	9.0007407102600898E-2	8.0829037686547534E-2	0.10199999999999998	8.0829037686547534E-2	9.8332768359958828E-2	7.0465121395860336E-2	1.6165807537309541E-2	0.14093024279172131	0.16165807537309487	9.0007407102600898E-2	10	20	30	40	50	60	70	80	90	100	0.88	0.93	0.92	0.89	0.89	0.85000000000000064	0.99	0.94000000000000061	0.93	0.94000000000000061	Incubation Time (Days)

Total N (g kg-1)



(b)
Soil	6.4663230149238929E-2	4.2770706486254466E-2	7.408103670980852E-2	5.8286647985051822E-2	0.1293264602984763	6.4663230149238707E-2	1.6165807537309503E-2	6.5400000000000014E-2	5.8286647985052224E-2	7.0465121395860281E-2	6.4663230149238929E-2	4.2770706486254466E-2	7.408103670980852E-2	5.8286647985051822E-2	0.1293264602984763	6.4663230149238707E-2	1.6165807537309503E-2	6.5400000000000014E-2	5.8286647985052224E-2	7.0465121395860281E-2	10	20	30	40	50	60	70	80	90	100	0.35000000000000031	0.38000000000000084	0.36000000000000032	0.37000000000000038	0.35000000000000031	0.23	0.4	0.23	0.35000000000000031	0.36000000000000032	Soil + 0.5 % biochar	1.0000000000000005E-2	5.6000000000000001E-2	3.2331615074619249E-2	4.8497422611928534E-2	1.0000000000000005E-2	5.6000000000000001E-2	9.0007407102601023E-2	6.4663230149238929E-2	3.2331615074619187E-2	3.2331615074619187E-2	1.0000000000000005E-2	5.6000000000000001E-2	3.2331615074619249E-2	4.8497422611928534E-2	1.0000000000000005E-2	5.6000000000000001E-2	9.0007407102601023E-2	6.4663230149238929E-2	3.2331615074619187E-2	3.2331615074619187E-2	10	20	30	40	50	60	70	80	90	100	0.42000000000000032	0.34	0.4	0.42000000000000032	0.42000000000000032	0.34	0.46	0.35000000000000031	0.44	0.44	Soil + 1 % biochar	4.2770706486254466E-2	7.408103670980852E-2	1.6165807537309503E-2	4.2770706486254466E-2	9.6994845223857762E-2	3.2331615074619249E-2	9.0007407102601328E-2	5.8286647985051822E-2	1.6165807537309503E-2	9.8332768359958647E-2	4.2770706486254466E-2	7.408103670980852E-2	1.6165807537309503E-2	4.2770706486254466E-2	9.6994845223857762E-2	3.2331615074619249E-2	9.0007407102601328E-2	5.8286647985051822E-2	1.6165807537309503E-2	9.8332768359958647E-2	10	20	30	40	50	60	70	80	90	100	0.46	0.5	0.41000000000000031	0.41000000000000031	0.36000000000000032	0.38000000000000084	0.52	0.37000000000000038	0.43000000000000038	0.38000000000000084	Soil + 2 % biochar	3.2331615074619187E-2	8.0000000000000043E-2	1.6165807537309503E-2	4.8497422611928534E-2	1.0000000000000005E-2	2.8000000000000032E-2	0.11657329597010417	6.4663230149239123E-2	8.0829037686547617E-2	1.0000000000000005E-2	3.2331615074619187E-2	8.0000000000000043E-2	1.6165807537309503E-2	4.8497422611928534E-2	1.0000000000000005E-2	2.8000000000000032E-2	0.11657329597010417	6.4663230149239123E-2	8.0829037686547617E-2	1.0000000000000005E-2	10	20	30	40	50	60	70	80	90	100	0.44	0.59	0.41000000000000031	0.42000000000000032	0.42000000000000032	0.39000000000000085	0.5	0.5	0.47000000000000008	0.42000000000000032	Incubation Time (Days)

Total N (g kg-1)



