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Abstract

:

Varying degrees of soil nitrous oxide (N2O) mitigation have been observed following biochar applications. Laboratory incubation experiments were conducted using soils from agriculture, forest, prairie, and a sterilized sand to examine the relative contributions of bacteria and fungi to this N2O alteration. Selective chemical inhibitors were used to distinguish the relative contributions of fungal and bacterial groups to N2O production/suppression in each soil type following a fast-pyrolysis macadamia nut shell biochar (10% w/w) addition. Overall, suppressed production of N2O was initially observed between the agricultural and prairie soils following biochar addition and stimulation of N2O production was observed in the biochar amended forest soil. However, if the N2O production that was observed in the biochar control (sterile sand and biochar = 4.2 ± 0.7 ng-N g−1 day−1) was subtracted from all treatments, N2O production following biochar addition was consistently lower in all soils following biochar additions. In terms of the microbial contributions, there were no significant differences in N2O production between the microbial inhibitor treatments, despite CO2 production rate differences. Therefore, the response in the N2O production to biochar could not be directly attributed to a particular microbial group (fungi or bacteria). These results suggest the presence of abiotic production or consumption routes for nitrogen species in biochar amended soils.
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1. Introduction


Biochar, the product of biomass pyrolysis in the absence of oxygen, has been praised for its combined use as a carbon sequestration agent and as a soil amendment that enhances soil quality [1,2,3]. The potential benefits to soil quality from biochar application include reducing soil N-nutrient leaching, aluminum availability, and potentially toxic heavy metal concentrations, increasing cation exchange capacity (CEC), water holding capacity, nutrient retention, symbiotic microorganism growth, and altering soil pH [4,5,6,7]. Biochar application can reduce net soil greenhouse gas (GHG) emissions [8,9,10,11,12]. However, the impact of biochar on soil N2O production varies with biochar and soil characteristics [13,14,15,16,17]. For example, differing impacts have been observed as a function of soil moisture, typically with biochar additions at soil water contents lower than 78% (v/v) suppressing soil N2O emission [15,18]. Biochar has also been observed to directly interact with nitrogen species [19,20,21]. On the other hand, biochar with high inorganic N contents stimulate soil N2O emissions [12,22]. Reductions in the suppression of N2O emissions have been observed following field aging (weathering) of biochar [13]. Therefore, the feasibility of biochar application as a long term soil N2O mitigation strategy is still questionable and the exact mechanism(s) of the reduction is still uncertain [15].



Alteration of soil N2O emissions is attributed to the change of direct and indirect factors that are influenced by biochar, resulting from possibly intermingled biotic and abiotic pathways. Biochar does alter the soil environment following application. Biochar alteration of soil pH, soil moisture potential relationships, cation exchange capacity (CEC), aeration status, and potassium availability may lead to reduced direct and indirect N2O emissions [23,24,25]. In addition, chemical compounds sorbed on biochar can induce plant and microbial signaling [26,27,28]. Specifically, the presence of nitrifier inhibiting chemical compounds sorbed to the biochar has been implicated as a potential suppression of nitrification reactions and thus N2O formation [2,29,30,31]. Due to the potential for large surface areas, biochar has the potential of sorbing ammonia [32,33], resulting in hypothesized suppressed microbial nitrifier activity due to reduced substrate availability. This has already been observed when biochar was used for examining alleopathic effects, since plant nutrient deficiencies were observed following biochar additions [34,35]. Incidentally, there was the suggestion at the time of adding additional fertilizer to the biochar (charcoal) treatments to compensate for this effect [36]. In addition, since biochar refers to a spectrum of different chemical species, some types of biochar can also sorb N2O gas directly, thus resulting in lower apparent surface emissions or production rates [19]. However, these abiotic mechanisms typically are speculated to not solely be responsible for biochar’s N2O mitigation activity [15,24].



In addition to the chemical alteration of the soil environment, biochar can also alter soil’s biotic component. Studies have demonstrated that certain types of biochar can alter the soil microbial community structure, assessed through direct DNA or phospholipid-derived fatty acids (PLFA) extractions) [37,38]. Due to the suppression in the observed N2O production following biochar addition, there has been a particular emphasis on microbial nitrifier and denitrifier community structure and dynamics [39,40,41]. Biochar addition to soil may alter the abundance or activity of bacterial groups that regulate N2O production [38,40,42,43,44], as it is assumed that the increased presence of denitrification genes (i.e., NosZ) correlates to higher microbial denitrification rates. However, operator variability, deficiencies in normalization standards, and lack of correlation between RNA presence and cell activities are hurdles to this direct linkage of soil function with genetic data [45]. Therefore, the functional contribution of bacteria and fungi to N2O dynamics as well as the fundamental drivers of these biochar alterations in N2O emissions are still unknown. The objectives of this study were to investigate the biotic and abiotic mechanisms behind the effects of biochar mitigation on N2O production by investigating the relative contribution of bacteria and fungi to N2O dynamics by the use of chemical inhibitors following the addition of a known N2O production lowering biochar (fast-pyrolysis macadamia nut shell).




2. Results


2.1. Soil and Biochar Characterization


The various chemical properties evaluated on the soils and biochar are shown in Table 1.
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Table 1. Properties of the soils and biochar used in the experiments.
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Property

	
Prairie Soil

	
Agricultural Soil

	
Forest Soil

	
Sterilized Sand

	
Biochar






	
Organic Matter (%)

	
4.9

	
4.4

	
3.3

	
0.1

	
71.63




	
Total Nitrogen (%)

	
0.2

	
<0.1

	
<0.1

	
<0.1

	
0.88




	
Cation Exchange Capacity (%)

	
23.5

	
15.1

	
4

	
16.1

	
-




	
pH (1:5 distilled H2O)

	
7.2

	
6.5

	
4.7

	
9.5

	
6.2




	
Potassium (ppm)

	
180

	
145

	
63

	
16

	
<0.10




	
Calcium (ppm)

	
4250

	
2433

	
358

	
3840

	
0.15




	
Magnesium (ppm)

	
1100

	
527

	
53

	
102

	
0.07




	
Iron (ppm)

	
75

	
190

	
252

	
10

	
4353




	
Nitrate (NO3, ppm)

	
3.4

	
15.4

	
0.9

	
0.2

	
<0.1




	
Nitrite (NO2, ppm)

	
0.3

	
<0.1

	
<0.1

	
<0.1

	
<0.1




	
Ammonium (NH4, ppm)

	
9.1

	
2.8

	
1.1

	
<0.1

	
<0.1










2.2. Impact of Biochar on Soil CO2 Production


CO2 production rates of the three soils with the biochar additions are shown in Figure 1. The CO2 production rate was the highest in the control prairie soil (280 μg-C g−1 day−1), which was followed by the agricultural (213 μg-C g−1 day−1) then the forest soil (31 μg-C g−1 day−1). This basal carbon mineralization rate was correlated to the soil microbial biomass, although not significantly with the limited number of soils (R = 0.92; p = 0.25). Sterilized sand controls possessed low CO2 (0.3 ± 0.05 μg-C g−1 day−1) and N2O (0.4 ± 0.3 ng-N g−1 day−1) production rates, consistent with an effective sterilization.



Compared to the control treatments (soils without biochar), biochar addition by itself reduced the net CO2 production rate in the two high microbial biomass soils by 33% in the agricultural soil (120 μg-C g−1 day−1 with BC) and 42% in the prairie soil (187 μg-C g−1 day−1). On the other hand, the biochar addition initially appeared to increase CO2 production by 67% in the forest soil (53 μg-C g−1 day−1). However, by subtracting the CO2 production of a sterilized sand + BC treatment (31 μg-C g−1 day−1) from the production rate of each soil + BC treatment to account for the abiotic production of CO2 for the biochar addition [3,46,47] (Figure 1; corrected data series), suppression was then observed universally in CO2 production following biochar addition in all soil types. The result after this correction was the reduction in CO2 production averaged 49% ± 9% for all three soils (green bars in Figure 1). Incidentally, this 31 μg-C g−1 day−1 production observed in the BC control (sterile sand + BC), is similar to the calculated intercept for the plot of soil CO2 vs. soil + biochar CO2 production rates (intercept = 32.4 μg-C g−1 day−1).
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Figure 1. Average (a) CO2 and (b) N2O production rates observed from the control soils, biochar amended soils, and the mathematically corrected production rates over the entire 30 day incubation period. Rates were calculated from the slope of the change in headspace concentration with time from gas samples taken at various times during the incubation (Section 4.3). The error bars represent one standard deviation. 
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2.3. Impact of Biochar on Soil N2O Production


Observed average N2O production from the 3 soils for the 30 day period is presented in Figure 1. Initially, the biochar addition appeared to decrease N2O production in the prairie soil (42% decrease), but increase production in the forest (20% increase) and agricultural soils (94% increase). However, the sterile sand control did possess a production rate of 4.2 ± 0.7 ng-N g−1 day−1. This value for N2O production is intriguing, since the CO2 production from the same incubations was indicative of negligible microbial activity (0.3 ± 0.05 μg-C g−1 day−1). These data suggest the presence of an abiotic pathway (chemodenitrification or extracellular enzyme pathway) for N2O production with the presence of biochar. After subtracting this biochar control value from each of the soil types, biochar additions reduced N2O production rates across all soils compared to the soil control (Figure 1). However, suppression of N2O production rates in the forest soil by biochar was not statistically significant (p > 0.05). The suppression in N2O production ranged from 20% to 75%, with the greatest suppression in the prairie soil. Unlike the suppression in CO2 production which was very similar across the 3 soils following biochar addition, the inhibition of the N2O production was more variable.




2.4. Impacts of Biochar Addition on Soil Microbial Biomass


There were different observations for the impact of biochar addition on the soil microbial biomass, which was a function of the original soil (Figure 2). Reductions were observed in soil microbial biomass as a result of the biochar addition across all three soil types. The magnitude of the reductions varied ranging from 30% to 37% (Figure 2), with the differences in the prairie and agricultural soils being statistically significant (p < 0.05). It is interesting to note that this suppression was not as great as the reductions in CO2 (49%) and N2O (20%–75%) production rates following biochar addition.





[image: Agronomy 04 00478 g002 1024] 





Figure 2. Observed impacts on soil microbial biomass (SMB) as a function of biochar addition across the three soils. The error bars represent one standard deviation of the triplicate assessments. The asterisk indicates a statistically significant difference between the control and biochar addition with a t-test at the 95% confidence level (p < 0.05) grouped by soil type. 






Figure 2. Observed impacts on soil microbial biomass (SMB) as a function of biochar addition across the three soils. The error bars represent one standard deviation of the triplicate assessments. The asterisk indicates a statistically significant difference between the control and biochar addition with a t-test at the 95% confidence level (p < 0.05) grouped by soil type.



[image: Agronomy 04 00478 g002]






2.5. Microbial Group Functional Assessment of N2O and CO2 Production


The results of the microbial inhibitors for the three soils are shown in Table 1, Table 2 and Table 3. Overall, the control soil inhibitor additive ratio (IAR) was between 1.28 and 1.52 and the biochar amended IAR was between 0.4 and 1.5. These values suggest addition antagonist effects of the biochar in the action of the antimicrobial agents. The inhibitors were effective in the non-amended soils, inhibiting between 58% to 68% of the CO2 activity and 45% to 62% of the N2O production.
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Table 2. Selective inhibitor incubation results for the prairie soil.
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Treatments

	
CO2

	
N2O




	
Control

	
Biochar

	
Control

	
Biochar




	
μg-C g−1 h−1

	
μg-C g−1 h−1

	
ng-N g−1 h−1

	
ng-N g−1 h−1






	
Glucose Addition

	
26.9 (3.2) a

	
18.90 (4.20) a

	
32.5 (2.2) a

	
22.70 (4.10) a




	
Streptomycin + Glucose

	
19.9 (2.3) b

	
16.58 (5.10) a

	
22.6 (3.4) b

	
18.85 (2.00) a




	
Cyclohexamide + Glucose

	
8.4 (3.7) c

	
9.50 (4.20) b

	
16.9 (4.5) c

	
14.55 (3.10) b




	
Both inhibitors + Glucose

	
9.4 (3.4) c

	
10.00 (3.50) b

	
12.8 (3.6) c

	
16.52 (4.20) b




	
Calculations




	
Net Microbial Inhibition (%)

	
64.84

	
47.09

	
60.82

	
27.22




	
Bacterial Contribution (%)

	
26.07

	
12.28 *

	
30.70

	
16.96 *




	
Fungal (%)

	
68.57

	
49.74 *

	
48.22

	
35.90




	
IAR

	
1.46

	
1.32

	
1.30

	
1.94




	
Fungal: Bacterial

	
2.6

	
4.1 *

	
1.6

	
2.1 *








Similar letters indicate production rates that are statistically equal (p < 0.05) within a given treatment as indicated through one-way ANOVAs separated by gas type and control/biochar groupings followed with post-hoc Tukey’s test. The asterisk (*) indicates a statistically significant difference between the control and biochar amended soil through a t-test comparing the control and biochar treatments separately for each gas at the p < 0.05 level for inhibition percentages, bacterial and fungal contributions, IAR and Fungal: Bacterial ratio. IAR is the “inhibitor additive ratio”, see Section 4.2 for description.
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Table 3. Selective inhibitor incubation results for the agricultural soil.
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Treatments

	
Control Biochar

	
Control Biochar




	
CO2

	
CO2

	
N2O

	
N2O




	
μg-C-CO2 g−1 h−1

	
μg-C-CO2 g−1 h−1

	
ng-N-N2O g−1 h−1

	
ng-N-N2O g−1 h−1






	
Glucose Addition

	
13.3 (1.2) a

	
8.4 (1.5) a

	
27.7 (2.0) a

	
10.1 (2.0) a




	
Streptomycin + Glucose

	
7.8 (1.3) b

	
6.9 (1.1) a

	
18.5 (1.8) b

	
9.5 (0.6) a




	
Cyclohexamide + Glucose

	
5.4 (0.6) c

	
3.2 (0.7) b

	
14.8 (2.2) b

	
9.0 (0.8) a




	
Both inhibitors + Glucose

	
4.3 (1.4) c

	
3.0 (1.1) b

	
10.4 (3.4) c

	
8.5 (0.9) a




	
Calculations




	
Net Microbial Inhibition (%)

	
68.09

	
64.35

	
62.45

	
15.84 *




	
Bacterial Contribution (%)

	
41.25

	
18.06 *

	
33.39

	
5.94 *




	
Fungal (%)

	
59.20

	
62.32

	
46.68

	
10.89 *




	
IAR

	
1.48

	
1.25

	
1.28

	
1.06




	
Fungal: Bacterial

	
1.4

	
3.5 *

	
1.4

	
1.8 *








Similar letters indicate production rates that are statistically equal (p < 0.05) within a given treatment as indicated through one-way ANOVAs separated by gas type and control/biochar groupings followed with post-hoc Tukey’s test. The asterisk (*) indicates a statistically significant difference between the control and biochar amended soil through a t-test comparing the control and biochar treatments separately for each gas at the p < 0.05 level for inhibition percentages, bacterial and fungal contributions, IAR and Fungal: Bacterial ratio. IAR is the “inhibitor additive ratio”, see Section 4.2 for description.







After the biochar addition, the inhibitors suppressed 27% to 64% for CO2, but only 7% to 27% of the production for N2O (Table 1, Table 2 and Table 3). Since these incubations were conducted simultaneously for CO2 and N2O production, despite antagonism in the performance of the inhibitors with the presence of the biochar (IAR = 0.4 to 1.4), we do believe the data is still valid due to the separating the activity of the microbial groups as assessed through the CO2 production was still reasonable for the forest soil. However, the strength of the relationships from the forest soil will be considered with caution in light of this observation.



All soils after biochar amendment possessed a lower estimated bacterial contribution to N2O and CO2 production, compared to the original soils (Table 2, Table 3 and Table 4). The soils thereby shifted to a higher fungal dominated respiration activity after biochar addition. The fungal: bacterial activity for N2O production for the prairie (Table 2) and agricultural (Table 3) soils were higher following biochar additions, but equal for the forest soils (Table 4). However, attributing the suppression in N2O to a particular microbial group (bacteria or fungi) was not possible, since there was a lack of statistical differences in the N2O production between the control and the various inhibitors in biochar amended soils (Table 2, Table 3 and Table 4).
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Table 4. Selective inhibitor incubation results for the forest soil.
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Treatments

	
Control

	
Soil + Biochar

	
Control

	
Soil + Biochar




	
CO2

	
CO2

	
N2O

	
N2O




	
µg-C-CO2 g−1 h−1

	
µg-C-CO2 g−1 h−1

	
ng-N-N2O g−1 h−1

	
ng-N-N2O g−1 h−1






	
Glucose Addition

	
4.9 (1.0) a

	
3.44 (0.80) a

	
3.6 (1.0) a

	
2.70 (0.50) a




	
Streptomycin + Glucose

	
1.9 (0.9) b

	
3.30 (0.90) a

	
1.9 (0.9) a

	
2.50 (0.90) a




	
Cyclohexamide + Glucose

	
3.6 (0.6) a

	
3.20 (1.00) a

	
2.8 (0.8) a

	
2.60 (0.40) a




	
Both inhibitors + Glucose

	
2.1 (0.5) b

	
2.50 (0.90) a

	
2.0 (0.8) a

	
2.50 (0.56) a




	
Calculations




	
Net Microbial Inhibition (%)

	
57.73

	
27.33 *

	
45.07

	
7.41 *




	
Bacterial Contribution (%)

	
60.82

	
4.07 *

	
46.48

	
7.41 *




	
Fungal (%)

	
26.80

	
6.98 *

	
21.97

	
3.70 *




	
IAR

	
1.52

	
0.40

	
1.52

	
1.50




	
Fungal: Bacterial

	
0.4

	
1.7 *

	
0.5

	
0.5








Similar letters indicate production rates that are statistically equal (p < 0.05) within a given treatment as indicated through one-way ANOVAs separated by gas type and control/biochar groupings followed with post-hoc Tukey’s test. The asterisk (*) indicates a statistically significant difference between the control and biochar amended soil through a t-test comparing the control and biochar treatments separately for each gas at the p < 0.05 level for inhibition percentages, bacterial and fungal contributions, IAR and Fungal: Bacterial ratio. IAR is the “inhibitor additive ratio”, see Section 4.2 for description.









3. Discussion


The biochar amendment increased pH values from 5.5 to 6.1 for the agricultural soil, from 4.5 to 4.7 for the forest soil, and 7.2 to 7.5 for the prairie soil. However, these changes in the soil pH values were all in the direction of making the biochar amended soil more alkaline. Typically, increasing soil pH also increases the production rate of N2O [48]. Therefore, the decrease in the N2O production observed in these incubations could not be directly linked to these observed pH increases, which has also been concluded by others e.g., [15].



Nitrification rates are inhibited when soil pH drops below 6.0 [49,50]. With pH values of the forest soil (4.7) and the agricultural soil (6.5), the original N2O production in the soils potentially were not attributable to microbial nitrification [51,52,53]. It has been observed that fungi produced N2O instead of N2 through codenitrification in the presence of other nitrogen compounds, such as azide, salicylhydroxamic acid, nitrite and ammonium [54,55]. Since biochar can contain acyl azide as well as other N compounds [56], biochar additions could enhance these fungal codenitrification processes. Fungi could also be indirectly involved in the abiotic N2O production with the amino acid metabolism by fungal extracellular enzymes, such as amino peptidase, glycosidic and proteolytic enzymes [57]. Amino acids are the most common forms of organic N in soils [58]. McLain and Martens [59] speculated that fungal mineralization of amino acids could be a principal N2O source, which is also supported by other studies [60]. This hypothesis could be supported by the fact that after biochar addition, the B:F ratio in the amended soils did decrease, indicating that fungi were contributing more to the CO2 production post biochar addition. However, the fact that there was no significant alteration in N2O production with the fungal inhibitor casts doubt on N2O production being related to fungal codenitrification in these incubations.



Besides microbial processes of nitrification and denitrification, biochar amendments could influence the abiotic processes, which include chemodenitrification reactions. Chemodenitrification refers to a broad class of chemical reactions occurring in soils that can reduce nitrate/nitrite to N2O and N2, which may involve organic nitrogen compounds (e.g., amines, amides) and reduced metals (e.g., Fe2+) [61,62,63,64]. Previous research has demonstrated that the abiotic reaction of nitrate and nitrite with iron can have significant impacts on N2O production [65,66,67], which is slowly gaining more attention in recent studies [68]. Iron can reduce nitrate under acidic conditions (pH range 2 to 7) [69]. Additionally, N2O is stable in the presence of Fe2+ at near neutral conditions (pH = 6); however, 84% of N2O was rapidly reduced to N2 in alkaline conditions (pH = 8) by Fe2+ [63]. Furthermore, biochar can be a catalyst for these reactions with nitrogen compounds, which includes the abiotic conversion of N2O to N2 at elevated temperatures [70]. Since biochar is typically alkaline and possesses higher concentrations of inorganic constituents (e.g., Fe) than the original biomass [22,71,72] or soils (Table 1), these chemical reactions could be an important set of mechanisms in biochar amended soils.



The addition of biochar did change the routes of N2O production in the soils examined here. This hypothesis is supported by the selective inhibitor incubations. Even though we did not inhibit 100% of the microbial activity (Table 1, Table 2 and Table 3), these suppression levels (~65% in the gas production) has been used as an estimate for the CO2 and N2O activity levels of the respective microbial groups [60]. For instance, Bailey et al. [73] observed a range in suppression between 39%–60%, which was also observed in the studies of Semenov et al. [74] and Ananyeva et al. [75]. In our study, the production of N2O was not significantly different in the biochar amended soils following the addition of the inhibitors, indicating that there was minor involvement of the soil microbial community in the production or consumption of N2O in these biochar-amended soils. In fact, the addition of inhibitors suppressed between 7% to 27% of the N2O production in biochar amended soils, compared to 47% to 64% suppression of the N2O production by inhibitors without biochar. One hypothesis could be that biochar interferes with the action of the chemical inhibitors. However, due to the differences observed in the CO2 production in the biochar amended soils (Table 1, Table 2 and Table 3), the inhibitors still were able to function in a biochar amended soil.



Another explanation of abiotic N2O/N2 production could be through the interaction of iron in the biochar, and the potential reduction of nitrate/nitrite/N2O to N2 catalyzed by ferric ion and charcoal. Ferric iron-reducing bacteria generate ferrous iron, which reacts chemically with nitrite to produce N2O and N2 by chemodenitrification [76,77,78]. Sang et al. [79] reported that Fe in zeolites could be catalytically activated for N2O decomposition. Lehmann and Joseph (2009) mentioned that high mineral-ash biochar had the similar properties to zeolites, thus iron from biochar could catalyze N2O reduction. High hydroxyl ion availability leads to carboxyl groups on the biochar losing a proton to form a carboxyl anion [33,80]. Hydroxyl groups on the biochar can form an ionic bond when alkaline and correspondingly react with nitrate/nitrite, which could happen due to potential alkaline microsites within the biochar [21,81,82]. Therefore, the hypothesis here is that after addition of this particular biochar to soil, biochar aided chemodenirification reactions (abiotic) resulting in the alteration of availability of nitrate and nitrite, as well as reduced microbial routes of N2O production. The contribution of iron in biochar to catalyze N2O→N2 production mechanisms requires further study [68], but could be a vital pathway in biochar amended soils.




4. Experimental Section


4.1. Soils and Biochar


Four soils (MN agricultural soil, northern MN forest soil, IL prairie soil, and sterilized sand) were used in a series of incubation experiments to assess the impact of biochar addition on N2O production and inorganic-N availability. The agricultural soil was collected from the University of Minnesota’s Research and Outreach Station in Rosemount, MN (44°45′ N, 93°04′ W). Agricultural soil at the site is a Waukegan silt loam (fine-silt over skeletal mixed, super active, mesic typic Hapludoll), with approximately 22% sand, 55% silt, 23% clay, and a slope < 2%. The forest soil was collected from Cloquet experimental forest (University of Minnesota) in northeastern MN (46°43′ N, 90°29′ W). Surface forest soil (0–5 cm) samples were collected from a glacial outwash and the soil was a Cloquet fine sandy loam (sandy mixed, frigid, Typic Dystrochrept). There is typically a 5 cm O-horizon (organic horizons; Oi and Oe) which was removed prior to sampling the top 0–5 cm of the mineral soil. The forest is dominated by Pinus banksiana. The last fire activity in this area is known to be in 1910. The prairie soil was sampled from a freshly burned (<1 year prior to sampling) tall grass prairie restoration site at Fermi National Accelerator Laboratory (FermiLab, Batavia, IL, USA), approximately 48 km west of Chicago, Illinois (41.50° N, 88.2° W) [83]. The sand was a commercial mix of a high purity washed and kiln dried silica sand with a particle size distribution of 0.6 to 1.7 mm (QUIKCRETE Company, Atlanta, GA, USA). The sand was steam autoclaved (135 °C, 1 h) 1 day prior to establishment of the soil incubations. All of the other soils were air dried and sieved to <2 mm prior to the establishment of the incubations. These soils represent a range of initial N2O production potentials. The chemical properties for these soils are given in Table 1.



The biochar utilized in our experiments was made of macadamia nut shell biochar created by fast pyrolysis at 500–550 °C. The biochar was mechanically ground and sieved (<0.5 mm) prior to incubations. The biochar was characterized by proximate (ASTM D5142) and ultimate analyses (ASTM ASTM D3176-09) by a commercial laboratory (Hazen Research, Inc.; Golden, CO, USA). The chemical and physical properties of the biochar are presented in Table 1.




4.2. Incubations


To analyze the effects of biochar on soil N2O and CO2 production, an experiment was designed as follows. Quadruplicate incubations were established for the various treatments for each soil, which included a control (5 g soil) and a 10% (w/w) addition of biochar (BC: 5 g soil + 0.5 g biochar). For each treatment, the soil and biochar were manually mixed in a 125 mL serum bottle (Wheaton Glass, Millville, NJ, USA), prior to soil moisture adjustment. Distilled water was added to bring each soil up to the target soil moisture potential (−33 kPa; typically 40%–80% total water holding capacity) and then sealed with a red butyl rubber septa (Grace, Deerfield, IL, USA) and aluminum crimp. This particular biochar addition did not statistically alter the field capacity moisture content (Ψ = −33 kPa soil moisture potential) for any soil + biochar mixtures compared to the original soil in this experiment. This could be a result of the grinding of the biochar, which produced a very fine powder (<0.5 mm) [84,85]. Therefore, the moisture additions were equal for the soil and soil + biochar treatments for each soil type. These incubations were pre-incubated for 7 days to allow recovery of the microbial communities, and reduce the artifacts on GHG production arising from re-wetting of dry soil [86,87]. After these 7 days, the septa were removed and the incubations were vented and then resealed. These incubations were monitored for an additional 30 days to assess CO2 and N2O production as a function of soil type and biochar addition.



An additional set of incubations were established for the selective inhibitor respiration method to assess the contribution of microbial groups (bacteria or fungi) to CO2 and N2O production [88]. For the selective inhibitor incubations, each soil type was pre-incubated as outlined above (7 days); with and without biochar (12 replicates for each). In addition, there were 3 lab air control vials included in each set to capture the lab air concentration at the start of the incubation. After venting, both the soil and soil + biochar incubations received the following chemical inhibitors and glucose additions in triplicate and then resealed. The four treatments were: (A) No addition of antibiotics, (B) Treated with cyclohexamide (fungicide; 2 mg g−1), (C) Treated with streptomycin (bactericide; 5 mg g−1), and (D) Treated with both inhibitors. The inhibitors were added dry in a mixture of talc to easy measuring and dispersal. All four of these treatments received a glucose addition (5 mg g−1) and the water holding content was then adjusted to field capacity (Ψ = −33kPa) (40%–60% WHC) for all three soils [89]. Preliminary data showed that the addition of 5.0 mg g−1 glucose provided maximal respiration activity across for all the soils (data not shown). Changes in gas production rates following cycloheximide additions were interpreted to be due to the absence of fungi, and changes in rates following streptomycin additions were attributed to the absence of bacteria.



The incubations were immediately sealed and then the headspace gas was analyzed after 6 h to assess microbial contribution to GHG production. Simultaneous determination of the respiration of CO2 and N2O following the inhibitor additions was accomplished through analyzing the headspace by gas chromatography (GC). These samples were incubated at laboratory temperature (20.5 ± 0.3 °C). Longer incubation periods (>6 h) caused confounding inhibitor effects, where the inhibitor incubation possessed higher production rates than the controls. This increase in GHG production has been linked to mineralization of the inhibitor chemicals [90,91,92].



The bacterial:fungal ratio (BFR) and inhibitor additive ratio (IAR) were calculated according to the formulas given in Bailey et al. [73], where:
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(1)




and:
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(2)




where the letters A–D are defined by the four treatments: (A) No addition of antibiotics; (B) Soil treated with cyclohexamide (fungicide); (C) Soil treated with streptomycin (bactericide); and (D) Soil treated with both inhibitors. The IAR provides an indication of the amount which the antimicrobial activities of the two antibiotics overlap [73]. An IAR > 1.0 indicates an overlap in the inhibitor activities and an antagonistic effect is possible when the IAR < 1.0, a value of 1.0 indicates ideal inhibitor conditions [73].



We also utilized treatment (A) as a substrate induced respiration assessment of soil microbial biomass (SMB), by utilizing the relationship of:


μg soil microbial biomass (SMB) g−1 = (40.04φ) + 0.37



(3)




where φ is the rate of CO2 production (μL CO2 gsoil−1 h−1) following a glucose addition [93]. The value for φ (μL CO2 gsoil−1 h−1) was calculated from the headspace concentration increase that occurred after 6 h with the following formula:


   φ =    (  G C   r e s u l t   i n c u b a t i o n   −   L a b   A i r   C o n t r o l  )    ×   0.120   L   ( 6   h )   ( 5    g  s o i l   )     



(4)




where the GC result incubation has been corrected for the 5 mL dilution during sampling (see Section 4.3), Lab Air Control is the starting lab CO2 concentration (also corrected), and the 0.120 L is the headspace of the serum bottle (120 mL). The GC results will have the units of ppmv or       [    μ L  L   ]    .




4.3. Measurements and Analysis


At the designated sampling time, 5 mL of laboratory air [94] was injected into the sealed vials with a syringe, and the syringe was flushed 3 times with lab air to mix the serum bottle headspace gas, then 5 mL of headspace mixed gas was pulled back to the syringe and injected into auto-sampler vial that had been flushed with helium for analysis. The samples were analyzed on a gas chromatograph (GC) system for concentrations of CO2 and N2O [46]. The electronic data values from the GC systems (CGC Reported Value) are collected through an R script in which the GC values are initially corrected for the dilution of lab air (CLab Air) by the following relationship for each gas for interest:


    C  Corrected   =    [  125   m L   ×    C  G C   R e p o r t e d   V a l u e     –   ( 5 m L   ×    C  L a b   A i r   )  ]    ( 120   m L )     



(5)







These corrected concentrations (CCorrected) are then used to determine the average rate (slope) of gas production over the entire incubation (Figure 3). For the soil GHG production incubations, headspace gas samples of the experiments were typically taken after 1, 3, 5, 7, 14, 21, and 30 days. For all incubations the R2 for the linear fit between headspace concentrations and time ranged from 0.94 to 0.99. The calculation of mass based gas production rates (P) (μg-C g−1 day−1 or ng-N g−1 day−1) was estimated as follows:
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(6)




where slope is the linear change in incubation headspace concentration versus time (Figure 3) (ppmv (μL L−1) day−1 for CO2 and ppbv (nL L−1) day−1 for N2O), 22.47 is the volume in L for 1 mole of an ideal gas at normal temperature and pressure (NTP) conditions (1 atm pressure and 25 °C), M is the molecular weight of the gas (44 g CO2 or N2O mole−1), χ is the ratio of the molar mass of C or N to molecular weight of the gas (i.e., 12/44 for C in CO2, 28/44 for N in N2O), V is the headspace volume of the serum bottle (0.120 L), and Sg is the dry soil weight used (5 g). Thereby, the resulting units for CO2 production rate are μg-C g−1 day−1 and ng-N g−1 day−1 for N2O.
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Figure 3. Example of the CO2 accumulation in the headspace of a sample vial over the 30 day incubation period. The slope calculation is shown on the figure, which corresponds to a rate of 792.6 ppmv CO2 day−1 and by using Equation (6) a mass based production rate of 10.2 μg-C g−1 day−1. 
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Arithmetic means of CO2 and N2O concentrations were calculated based on the four replicate samples. Greenhouse gas (CO2 and N2O) production rates were determined from the linear increase or decrease in concentrations over time of the incubation. The net production/consumption rates of the biochar addition were also corrected for abiotic production by subtracting a sterilized sand + biochar control from the soil + biochar production data:


RateBC Corrected = Ratesoil + BC - RateSterile sand + BC



(7)




Despite the fact that there are differences in the chemical composition, the sterile sand + biochar control was assumed to represent the production potential of the biochar itself, without any additional soil constituents.




4.4. Statistics


Average CO2 and N2O gas production rates following biochar additions were analyzed separately by soil type with a Student’s t-test at the 95% confidence level (p < 0.05) using R. Additionally, we analyzed each soil type separately using one-way ANOVAs with post-hoc Tukey’s test to analyze for significant differences among the antibiotics for each gas type within each treatment (control or biochar). The assumption of normality was verified with the Kolmogorov–Smirnov test and homogeneity of variance was confirmed with the Bartlett test. Correlation analyses were used to explore relationships among variables. Significance was defined as p ≤ 0.05, unless otherwise indicated. R statistical software was used for all analyses.





5. Conclusions


Our experimental results showed that biochar universally stimulated fungal activity and suppressed CO2 and N2O production across all three soil types. From the data presented here, biochar appears to react with various N forms (nitrate, nitrite, or N2O), with the potential catalytic involvement of iron. The conclusion drawn here is the impact of biochar on N2O production in these soils was through abiotic (chemodenitrification) mechanisms, as confirmed with the selective inhibitor data. Since biochars are highly heterogeneous, these results are specific to this particular biochar and should not be extrapolated to other biochar types. We hypothesize that iron-rich biochar can stimulate the abiotic transformation of nitrate/nitrite/N2O to N2. The results from this study provide additional insights into the understanding of biochar effects on N2O production through chemodenitrification mechanisms. These abiotic biochar impacts could be very important when using biochar as an amendment, especially in low-microbial activity soils.
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