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Abstract

Land application of compost has been a promising remediation strategy for soil health and 

environmental quality, but substantial emissions of greenhouse gases, especially N2O, need to be 

controlled during making and using compost of high N-load wastes, such as chicken manure. 

Biochar as a bulking agent for composting has been proposed as a novel approach to solve this 

issue, due to large surface area and porosity, and thus high ion exchange and adsorption capacity. 

Here, we compared the impacts of biochar-chicken manure co-compost (BM) and chicken manure 

compost (M) on soil biological properties and processes in a 120-d microcosm experiment at the 

soil moisture of 60% water-filled pore space. Our results showed that BM and M addition 

significantly enhanced soil total C and N, inorganic and KCl-extractable organic N, microbial 

biomass C and N, cellulase enzyme activity, abundance of N2O-producing bacteria and fungi, and 

gas emissions of N2O and CO2. However, compared to the M treatment, BM significantly reduced 

soil CO2 and N2O emissions by 35% and 27%, respectively, over the experimental period. The 
15N-N2O site preference, i.e., difference between 15N-N2O in the center position (δ15Nα) and the 

end position (δ15Nβ), was ~17‰ for M and ~26‰ for BM during the first week of incubation, 

suggesting that BM suppressed N2O from bacterial denitrification and/or nitrifier denitrification. 

This inference was well aligned with the observation that soil glucosaminidase activity and nirK 
gene abundance were lower in BM than M treatment. Further, soil peroxidase activity was greater 

in BM than M treatment, implying soil organic C was more stable in BM treatment. Our data 

demonstrated that the biochar-chicken manure co-compost could substantially reduce soil N2O 

emissions compared to chicken manure compost, via controls on soil organic C stabilization and 

the activities of microbial functional groups, especially bacterial denitrifiers.
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1. Introduction

Composting, a waste treatment technology, transforms organic material into stabilized 

compost, which can provide numerous benefits to soil fertility/quality and thus agricultural 

productivity (Chadwick et al., 2011; Chan et al., 2007; Lehmann et al., 2006). Land 

application of compost often enlarges the content of soil organic matter, promotes the 

formation of soil aggregates, and increases the availability of soil nutrients (Bacilio et al., 

2003; Stamatiadis et al., 1999). It can also increase soil microbial biomass and the activity of 

enzymes involved in nutrient mobilization (Bedada et al., 2014; Hernández et al., 2014). 

Compost has been found to be as effective as synthetic fertilizers in supplying nutrients to 

crops and thus improving grain yields; yet, it is more cost-effective and environmentally-

friendly (Ahmad et al., 2007; Leite et al., 2010).

However, some negative impacts can occur in the soil and environment during the 

preparation and application of compost (Chadwick et al., 2011; De Brito et al., 1995). 

Production of cattle feedlot manure compost, for example, can emit substantial amounts of 

greenhouse gases (e.g., CO2 and N2O) (Hao et al., 2004). By promoting soil nitrification and 

denitrification, various manures (pig slurry, poultry manure and farmyard manure) and their 

composts could also increase soil N2O emissions (Chadwick et al., 2011), and a study 

conducted by Rochette et al. (2008) even showed that land application of liquid and solid 

dairy manure led to more N2O emission over a longer period than the land application of 

synthetic fertilizers. As such, C and N losses during production and use of compost need to 

be controlled for improving agronomic value of compost and also for mitigating greenhouse 

gas emissions.

Using biochar as a bulking agent for composting has been proposed as a novel approach to 

solve the environmental trade-offs of compost (Sánchez-García et al., 2015; Steiner et al., 

2010). Biochar, a biochemically-recalcitrant C-rich material that is made from biomass via 

pyrolysis, has been demonstrated to facilitate soil C sequestration and greenhouse gas 

emissions mitigation (Lehmann et al., 2006; Sohi et al., 2010). Both feedstock source and 

pyrolysis temperature can considerably affect the biochar bulk and surface properties; and as 

pyrolysis temperature increases, the amount of oxygenated surface functional groups can be 

greatly reduced (Suliman et al., 2016). Differences in biochar properties may affect the 

direction and magnitude of soil greenhouse gas emissions. For example, biochar C:N ratio 

has little influence on soil greenhouse gas emissions, but feedstock source, pyrolysis 

temperature and biochar pH can significantly affect soil CO2, CH4, and N2O fluxes after 

biochar amendment (He et al., 2017). Nonetheless, it is estimated that biochar may 

potentially abate the current annual rate of anthropogenic greenhouse gas emissions by 12% 

(Woolf et al., 2010). Biochar can also improve soil fertility and health via influences on soil 

physical structure, chemical properties and biological processes (Atkinson et al., 2010; 

Lehmann et al., 2011); and positive impacts have been attributed to biochar's bulk and 

surface properties, including surface area, porosity and sorption capacity (Lehmann et al., 

2006; Singh et al., 2010).

Recently, we have made poultry litter compost using rice hull biochar as a bulking agent (Jia 

et al., 2016). Compared with composting without biochar, biochar-composting reduced the 
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peak rate of N2O emissions by ~60% and increased inorganic N retention in final biochar-

compost by ~70%. Our data, together with other research (Sánchez-García et al., 2015; 

Steiner et al., 2010) indicate that biochar can be an ideal bulking agent to minimize the 

adverse impacts of composting on the environment. However, there are few research 

detailing a full spectrum of impacts of biochar-manure compost on soil fertility/quality as 

well as greenhouse gas emission mitigation (Agegnehu et al., 2015). This study aimed to 

provide comprehensive assessment of soil C and N cycling processes, soil quality metrics 

including microbial biomass and enzyme activities, and population dynamics of soil 

microbial functional groups after soil amendments of biochar-chicken manure compost 

versus chicken manure compost.

2. Materials and methods

2.1. Soil sampling

Soil samples were collected from the three field plots of an organic cropping system at the 

Center for Environmental Farming Systems (35°22′48″ N, 78°02′36″ W), Goldsboro, 

North Carolina, USA. Soil type was Tarboro loamy sand (mixed, thermic Typic 

Udipsamment; 73% sand, 26% silt, and 1% clay) in one plot and Wickham sandy loam 

(fine-loamy, mixed, semiactive, thermic Typic Hapludult; 58% sand, 34% silt, and 8% clay) 

in the other two plots. Information on plot size, fertilization, crop species, and farming 

management has been given previously (Tian et al., 2010). In June 2015, fifty soil cores (2.5 

cm diameter × 10 cm height) were randomly collected from each plot and pooled, leading to 

total three composite soil samples. Soil was sieved (<2 mm) and then stored at 4 °C for 

about two weeks prior to microcosm experiments. On average, soil samples had a pH value 

of 6.5, and contained 13.5 mg total C g−1 soil and 1.3 mg total N g−1 soil.

2.2. Composting of chicken manure

Chicken manure, the mixture of manure and bedding materials, was collected from the 

poultry/chicken unit of the Department of Poultry Science at North Carolina State University 

(Raleigh, NC, USA), and was kept under ambient conditions for one-week air drying to lose 

excess moisture prior to composting.

Two types of composting were performed; one was the composting of chicken manure with 

the addition of hardwood sawdust at a sawdust/manure fresh weight ratio of 3:7, and the 

other was the composting of chicken manure with the addition of both hardwood sawdust 

and rice hull biochar at a biochar/sawdust/manure fresh weight ratio of 2:1:7. Here, the rice 

hull biochar was produced using low temperature gasification in an existing top-lit updraft 

gasifier (Jia et al., 2016), with pH 9.7, and containing 880.2 g total C kg−1 and 1.3 g total N 

kg−1.

The composting materials (~5 kg), together with 1 L deionized water were put into a 10 L 

plastic container which had several small holes on one end to allow gas, heat, and water 

vapor to exchange with the environment. The plastic container was then turned two to three 

times per day. This turning regime meant to keep composting materials in an aerated and 

fluffed state. After each turning, composting materials could reheat itself repeatedly and 
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therefore turning sped up the composting process. The temperature of composting materials 

was monitored every day and followed 2 d meso-2 d thermo (50–60 °C)-3 d meso 

fluctuations during the 7 d composting process. The manure compost (M) and biochar-

manure compost (BM) had pH 8.1 and 16.9 g total N kg−1; yet, the two differed in total C 

content, with 331.5 and 423.4 g C kg−1 for M and BM, respectively.

2.3. Laboratory microcosm setup

A 120-d laboratory incubation experiment was conducted to compare the impacts of M and 

BM addition on soil CO2 and N2O emissions as well as soil biochemical properties. There 

were four treatments, including (1) control (CK): soil without the addition of biochar, M, or 

BM, (2) biochar (B): soil with the addition of biochar at 1%, (3) BM: soil with the addition 

of BM at 5%, and (4) M: soil with the addition of M at 4%. These percentage amendments 

kept similar amounts of biochar for B and BM treatments as well as similar amounts of other 

compost ingredients for M and BM treatments. The four treatments were randomly assigned 

to each of three soils sampled from three field plots (i.e., 4 treatments × 3 blocks). Controls 

and compost-amended soils (~20 g dry weight equivalent) were packed into 120 ml 

specimen containers at a bulk density of 1.1 g cm−3, assuming that particle density was 2.65 

g cm−3. Treatments were incubated at 60% water-filled pore space (WFPS), i.e., equivalent 

to 18.2–20.0% gravimetric soil water content and 45.5–50.0% soil water holding capacity, 

and room temperature (23 ± 2 °C). Soil moisture was maintained over the incubation by 

water addition. At each sampling time, 12 specimen containers representing four treatments 

and three blocks were randomly taken from a total of 120 specimen containers (i.e., 4 

treatments × 3 blocks × 10 sampling times), and then soils were destructively sampled for 

the analysis of soil chemical and biological properties, soil enzyme activities, and the 

abundances of soil bacteria, fungi, and nitrous oxide producers. Except for placing soils (50 

g dry weight equivalent) into 120-ml amber jars, the same treatments and incubation 

conditions were used to repeatedly measure N2O and CO2 fluxes and N isotope site 

preference (SP) of N2O over the incubation using a total of 12 amber jars (i.e., 4 treatments 

× 3 blocks).

2.4. Soil chemical and biological properties

Soil total C and N were determined by dry combustion method using a Perkin-Elmer 2400 

CHN analyzer (Perkin-Elmer Corporation, Norwalk, CT, USA). Soil pH was measured in 

water with 1:2.5 soil (g)/water (ml) ratio. Soil inorganic N (NH4
+-N and NO3

−-N) was 

analyzed using a FIA QuikChem 8000 autoanalyzer (Lachat Instruments, Loveland, CO, 

USA) after extraction with 1M KCl or distilled water at 1:5 soil (g)/solution (ml) ratio and 

filtered through Whatman #42 filter papers. Extracted soil organic C (EOC) in 1M KCl or 

distilled water was measured using a TOC analyzer (TOC-5000, Shimadzu Scientific 

Instruments, Japan). Extracted soil organic N (EON) was determined by the differences in 

inorganic N after and before potassium persulfate oxidation (Cabrera and Beare, 1993). Soil 

microbial biomass C and N were determined by the chloroform fumigation extraction 

method; and extraction coefficients are 0.38 and 0.54 for biomass C and N, respectively 

(Brookes et al., 1985; Vance et al., 1987). Soil C, N and pH were measured at the end of 

120-d incubation, and soil microbial biomass C was measured at the beginning of 120-d 

incubation. Other soil properties, including inorganic N, EON, soil microbial biomass N, 
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soil enzyme activities, and microbial abundances (i.e., quantitative real-time PCR analyses) 

were measured periodically (i.e., 0, 3, 7, 21, 28, 49, 63, 77, 91 and 120) over the incubation.

2.5. Soil enzyme activities

The activities of exoglucanase (EC 3.2.1.91), β-glucosidase (EC 3.2.1.21), and β-

glucosaminidase (EC 3.21.30) were determined using 2 mM p-nitrophenyl-β-D cellobioside, 

10 mM p-nitrophenyl-β-D-glucopyranoside, and 2 mM p-nitrophenyl N-acetyl-β-D-

glucosaminide as the substrates, respectively (Tian and Shi, 2014). In short, soil slurries (0.8 

ml) were pipetted into substrate-containing Eppendorf tubes and then incubated for 1–2 h at 

37 °C. Here, soil slurry was made by adding ~3 g soil to 15 ml of acetate buffer (pH 5.0) and 

shaking at 200 rev. min−1 for 1 h. After reaction was terminated and color developed by 

adding 0.2 ml of 0.5 M CaCl2 and 0.8 ml of 0.5 M NaOH, suspension was centrifuged at 

~11,700×g for 4 min. Then, supernatant with the product, p-nitrophenol, was pipetted into 

96-well microplate for the measurement of optical density at 410 nm.

The activity of peroxidase was measured following the method of Johnsen and Jacobsen 

(2008). Soil slurries (0.2 ml) were pipetted into Eppendorf tubes that contained 0.4 ml of 

TMB (3,3′,5,5’-tetramethylbenzidine) Easy solution (Fisher Scientific Inc.) and incubated 

for 10 min at room temperature. Reaction was terminated by adding 0.8 ml of 0.3 M sulfuric 

acid followed by centrifuging at ~11,700 ×g for 4 min. The optical density of supernatant 

was measured at 450 nm.

The assay of each soil enzyme activity included two types of controls (i.e., substrate alone 

and soil alone). After subtracting the controls, hydrolyase activity was calculated against the 

standard curve of p-nitrophenol; and oxidase activity was calculated using the extinction 

coefficient, 59,000 M−1 cm−1. Cumulative enzyme activity over the incubation was used to 

compare treatment effects, which was calculated by the formula: Σn i = EiTi, where n is the 

number of incubation days, Ei is the mean enzyme activity of two successive measurements, 

and Ti is the time between the two measurements (Waring, 2013).

2.6. Quantitative real-time PCR

Impacts of M and BM on the abundance of soil bacteria, fungi and nitrous oxide producers 

were examined using a quantitative real-time PCR approach. Soil DNA was extracted, using 

a FastDNA SPIN kit (MP Bio, Solon, OH, USA), from ~0.8 g soil re-sampled from the 

microcosms as mentioned above. Soil DNA quality and size were checked by 

electrophoresis on a 1% agarose gel.

Quantitative real-time PCR (CFX96 Real-Time PCR Detection System, Bio-Rad, Hercules, 

CA, USA) was performed on each soil DNA sample with three analytical replicates to 

determine the copy numbers of 16S rDNA, ITS (internal transcribed spacer) region of 

rDNA, bacterial nitrite reductase genes (nirS and nirK), ammonia monooxygenase (amoA) 

genes in ammonia oxidizing archaea (AOA) and ammonia oxidizing bacteria (AOB), and 

fungal nitrite reductase gene nirK and nitric oxide reductase p450nor genes using the 

primers given in Table 1. These gene copy numbers were considered as the surrogates of the 

abundances of soil bacteria, fungi, bacterial denitrifiers, archaeal and bacterial nitrifiers, and 

fungal denitrifiers, respectively. A 20 µL qPCR reaction contained 4 µL of template DNA 
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(0.2–0.6 ng µL-1), 10 µL 1X SsoAdvanced TM SYBR Green Supermix (Bio-Rad, Hercules, 

CA, USA), and 3 µL of each primer whose concentration was based on respective references 

(Table 1). All the qPCR reactions were initiated at 98 °C for 2 min, followed by a number of 

touchdown cycles and/or regular PCR cycles as specified in Table 1. The specificity of the 

qPCR reactions was determined by melting curve analysis (60 °C–95 °C) and 1% agarose 

gel electrophoresis.

The standard curve for determining the gene copy number was made with the agarose gel-

purified PCR products based upon the method of Zhang et al. (2011). Briefly, respective 

PCR products were run on a 1% low-melting agarose gel. Then, gel bands corresponding to 

the expected amplicon sizes were excised and DNA was extracted using a gel extraction kit 

(Qiagen, Valencia, CA, USA). The DNA concentrations of extracted PCR products were 

quantified using a nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). 

Number of gene copies per µL of the PCR product (i.e., the standard) was calculated by the 

equation: (A × B)/(C × D), where A is the concentration of the PCR product (ng µL−1), B is 

the Avogadro number (i.e., 6.023 × 1023 molecules mol−1), C is the average molecular 

weight of a DNA base pair (i.e., 6.6 × 1011 ng mol−1), and D is the respective PCR amplicon 

size given in Table 1. Serial dilutions of PCR products of known copy numbers were 

amplified in triplicate together with samples. A standard curve was constructed by plotting 

the logarithm of the copy numbers against the mean threshold cycles.

2.7. Measurements of N2O and CO2 fluxes, and 15N-N2O site preference

Soil N2O and CO2 production were measured almost daily during a 7-week incubation. At 

each sampling event, amber jars were placed into closed 1-L PVC jars for two hours. Our 

preliminary experiment showed that headspace N2O and CO2 concentrations were a linear 

function of time during the two-hour period. The CO2 concentrations in the jars were 

determined using an infrared gas analyzer LI-840A (LI-COR, Lincoln, NE, USA). The N2O 

concentrations and N isotope site preference were analyzed using a dual quantum cascade 

laser (QCL) N2O measurement system (Model CWQCL-200-D, Aerodyne, Billerica, MA, 

USA). Information on QCL system setup has been given previously (Chen et al., 2016a). 

The QCL system measures N2O concentration as parts per billion of 14N in N2O. Gas fluxes 

(ng g−1 soil h−1) from the microcosm were calculated as: ((Csample-Cair) × M × V)/(r × m × 

t), where Csampleand Cair are the gas concentrations in the headspace of PVC jar and ambient 

air (ppbv), respectively; V is the volume of PVC jar headspace (cm3); M is the molar mass 

of gas (g mol−1); r is the molar volume at 23 °C and 1 atm. (24.29 L mol−1), m is the dry 

weight of soil (g), and t is the measuring time (h).

The QCL system was also used to determine the 15N SP of N2O to help identify the 

biological sources of soil N2O emissions (Chen et al., 2016a). The two N and one O atoms 

of N2O are structured linearly, resulting in two 15N isotopocules: 14N15N16O (15Nα) and 
15N14N16O (15Nβ). The 15N-SP, i.e., the difference between δ15Nα and δ15Nβ has been 

found to be closely associated with biological processes, with 32.7‰ for bacterial NH4
+ 

oxidation, 33.0‰ for bacterial NH2OH oxidation, −2.2‰ for bacterial denitrification, 

−1.0‰ for nitrifier denitrification, and 35.2‰ for fungal denitrification (Decock and Six, 

2013). Higher SP values indicate the enrichment of 15N-N2O in center position. The QCL 

Yuan et al. Page 6

Soil Biol Biochem. Author manuscript; available in PMC 2018 April 26.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



system provided the mixing ratio of the natural abundance of 15N in the center and edge 

position of N2O, i.e., 15Nα and 15Nβ, respectively. After normalized to total N2O-N 

concentration, these ratios were used to calculate the natural abundance of 15Nα and 15Nβ of 

N2O. Then, 15N SP and bulk 15N isotope ratio (δ15Nbulk) were estimated by the following 

equations: 15N SP = δ15Nα - δ15Nβ and δ15Nbulk = (δ15Nα + δ15Nβ)/2. It should be noted 

that δ15N-N2O could not be reliably estimated when the headspace N2O concentration was 

<700 ppb (Chen et al., 2016a). In this case, δ15Nbulk and 15N SP were not reported. During 

gas sample measurements by the QCL system, a standard gas (N2O = 50 ppm, δ15Nα(‰) = 

3.95 ± 0.39, δ15Nβ (‰) = 1.83 ± 0.90) was included as a quality control.

To examine if M and BM differ in biological N2O formation pathways, we estimated the 

source partitioning of N2O, using a mass balance equation: SPtret = p•SP1 + (1-p)•SP2, 

where SPtret represents 15N-N2O SP for soil with compost amendment; SP1is 15N-N2O SP 

for biological processes with similar positive values around ~ 30‰, including bacterial and 

archael nitrification and fungal denitrification; SP2 is 15N-N2O SP for biological processes 

with similar negative values around ~ −1‰, including bacterial denitrification and nitrifier 

denitrification (Chen et al., 2016a; Decock and Six, 2013; Jung et al., 2014; Maeda et al., 

2015; Sutka et al., 2006); and p is the percentage of combined N2O contributions from 

biological processes with positive SP values around ~ 30‰ (i.e., nitrification and fungal 

denitrification).

2.8. Data analysis

Because C and N contents differed between M and BM composts, we presented our data on 

a per compost-C or -N basis to better compare M and BM impacts. In brief, data obtained 

from controls at each sampling time were subtracted from data obtained from M and BM, 

and then the resulting data were divided by the amounts of added compost C or N. Here, the 

average values of soil alone and soil with 1% biochar addition were used for subtraction, 

because all measurements were not different between the two controls at each sampling 

time. Analysis of variance (ANOVA) of a completely randomized block design (SAS 9.3, 

SAS Institute Inc. Cary, NC, USA) was used to assess significant differences in soil total C 

and N contents, C:N ratios, soil pH, and cumulative enzyme activities between M and BM 

treatments. In addition, ANOVA of a split plot design with treatments as the whole-plot 

factor and sampling times as the split-plot factor was used to evaluate significant differences 

in soil microbial biomass N between M and BM treatments. We also used ANOVA of a 

completely randomized block design with repeated measures to test the differences in soil 

N2O and CO2 production rates, site-preference (SP), and δ15NBulk between M and BM 

treatments. In this study, treatments were deemed significant at P < 0.05. Significant levels 

other than P < 0.05 are given directly in the results.

3. Results

3.1. Soil chemical and microbial properties

BM and M addition significantly increased total soil C and N, but decreased soil pH 

compared to control soil or soil with 1% biochar addition (Table 2). Soil total C was greater 

in BM-than M-amended soil, as was the soil C:N ratio.
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Following BM and M addition, soil microbial biomass C, N and C:N ratio increased 

significantly. Microbial biomass N also differed significantly between BM- and M-amended 

soil, and as a result, microbial biomass C:N ratio was greater in BM-than M-amended soil. 

However, the difference in microbial biomass N between BM- and M-amended soils only 

maintained for a couple of days and, thereafter, microbial biomass N was similar for BM- 

and M-amended soils over the incubation (data not shown).

3.2. Soil N availability

Extractants (1M KCl and water) did not affect the measurements of inorganic N and EON 

(data not shown); therefore only data obtained using 1M KCl were reported. Soil inorganic 

N concentrations increased significantly following BM and M addition and peaked around 

the 3rd week of the incubation (Fig. 1A). Soil NO3
− was the major species of inorganic N, 

as it was at least 3 times greater than soil NH4
+ during the incubation (data not shown).

Soil EON concentrations increased immediately by the addition of BM and M, and then 

decreased over time (Fig. 1B). At the end of incubation, EON in BM- and M-amended soil 

was back to the level of controls. However, at some time points (d 28 and 49), EON was 

considerably greater in M-amended soil than BM-amended soil.

Net N mineralization increased significantly from ~40 µg N g−1 soil in controls to ~115 µg 

N g−1 in M- and BM-amended soil, but there was no significant difference between M and 

BM. Similarly, there was no difference between M and BM in the net change of EON at the 

end and beginning of incubation. On the basis of N addition, net N mineralization was ~110 

mg g−1 added N, and net change of EON was ~200 mg g−1 added N.

3.3. Soil enzyme activities

In general, BM and M addition stimulated the activities of soil exoglucanase, β-glucosidase, 

and β-glucosaminidase, but inhibited soil peroxidase activity (Fig. 2). However, the 

magnitude and dynamic pattern of stimulation and/or inhibition varied with individual 

enzymes. Stimulation effects were greater and longer for soil β-glucosidase and β-

glucosaminidase than for soil exoglucanase. The peak activity was around d 7 for soil 

exoglucanase, β-glucosidase, β-glucosaminidase, but on d 0 for soil peroxidase.

Cumulative enzyme activities of exoglucanase and β-glucosidase were similar for BM- and 

M-amended soils, but the cumulative β-glucosaminidase activity was marginally greater in 

M than BM (P < 0.1) (Fig. 3). By contrast, the cumulative peroxidase activity was 

significantly lower in M-than BM-amended soil (Fig. 3).

3.4. Quantitative real-time PCR

Following BM and M addition, soil 16S and ITS gene abundance increased significantly, 

except for ITS on d 0 in M-amended soil (Fig. 4A and B). Bacterial nirS and nirK 
abundance were also greater in BM- and M-amended soil than those in controls, except for 

nirS during the first 3 d (Fig. 4C and D). However, the amoAabundance of AOA and AOB 

responded differently to BM and M addition. AOA amoAabundance reduced significantly 

after BM and M addition, whereas AOB amoAabundance was greater in BM- and M-
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amended soil than controls, except for the first 3 d (P < 0.05) (Fig. 4E and F). Fungal nirK 
and p450nor abundance were also enhanced by the addition of BM and M except for the first 

3 d (Fig. 4G and H).

Effects of BM and M on 16S, nirK and AOA amoA abundance differed significantly over 

the entire period of incubation (Fig. 4A, D, E). Compared to BM, M showed stronger 

stimulation effects on 16S and nirK abundance, but stronger inhibition effects on AOA 

amoA abundance.

3.5. The N2O and CO2 fluxes, and N isotope site-preference

Soil N2O emissions in controls were about 12.5 ng N2O g−1 soil during 7-week incubation. 

Following BM and M addition, however, soil N2O emissions increased by > 330 times to 

4.2–4.5 µg N2O g−1 soil. On the basis of total N addition, N2O-peak flux rates in BM were 

significantly lower than those in M addition; as a result, cumulative N2O emissions were 

27% lower in BM than M addition (Fig. 5A). Following BM and M addition, soil CO2 

emissions also increased significantly from ~4.2 mg g−1soil in controls to ~18.4 mg g−1 soil 

in BM and M-amended soil. On the basis of total C addition, CO2-peak flux rates were 

significantly lower in BM than M addition, and correspondingly cumulative CO2 emissions 

over 46-d incubation were ~35% lower in BM than M (Fig. 5B). This amount of CO2-C 

efflux reduction (i.e., ~150 mg CO2-C per 20 g soil-compost mixture) was equivalent to the 

amount of C loss during the formation of amended biochar (i.e., 0.2 g biochar with ~50% 

loss of biomass C during biochar formation).

15N-N2O site preference could be reliably estimated when N2O flux rates were >8.0 µg g−1 

added N h−1, corresponding to the incubation period of d 2 to 7. The δ15Nbulk varied largely 

from −9.2–8.3‰ over time and were similar for BM and M addition, except for 

measurements on d 4 (Fig. 6b). The 15N-N2O site preference (SP) also fluctuated over time 

in the range of 9.9–32.6‰, but it was consistently higher in BM-than in M-amended soil 

(Fig. 6a).

4. Discussion

With the presumption that biochar could help stabilize N during manure composting, we 

expected that BM could lower N mineralization and N2O emission more than M. Also, 

differences in C and N biochemistry between BM and M, e.g., organic matter content and 

stability might cause changes in microbial allocation of resource for generating extracellular 

enzymes for C and N acquisition. Furthermore, the abundances of microbial communities 

involved in organic matter degradation and N transformations were expected to diverge 

between BM and M. Our data strongly supported these speculations, except for N 

mineralization, which appeared to be similar between BM and M.

4.1. Nitrogen availability and loss

The major forms of N in BM and M were organic N in solid phase, KCl-extractable organic 

N (EON), and inorganic N. Inorganic N accounted for ~2% of total N, whereas KCl-

extractable organic N was ~20% of total N. Such a stoichiometry has been reported in other 

types of compost (Said-Pullicino et al., 2007).
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EON has been considered as a good metric for predicting N mineralization (Ros et al., 

2011). As expected, when EON declined over time, inorganic N increased. However, N 

mineralization, i.e., the net change of inorganic N at the end and beginning of the incubation, 

was only ~50% of the net change of EON in both BM and M, suggesting that EON was 

transformed into other N pools besides inorganic N. It was possible that microbes degraded 

EON and then incorporated available N into the biomass. Subsequently, as microbial 

biomass turned over, biomass N was stabilized into soil organic N. There is increasing 

evidence that microbial biomass residues are an important source of soil organic matter 

(Dijkstra et al., 2006; Kallenbach et al., 2016; Miltner et al., 2012). EON could also be 

stabilized into soil organic N through chemical processes, such as adsorption and 

condensation. It was also possible that EON was lost through sequential microbial processes 

of mineralization, nitrification and denitrification in hot spots. The observations that EON 

was greater in M than BM during some time points of incubation, but the net change of EON 

at the end and beginning of incubation was similar between M and BM further suggested 

biochemical transformations/translocations of EON into other N pools, and also greater 

potentials of N loss in M than BM.

Indeed, N2O emissions in M were substantially larger than those in BM. Biochar has been 

demonstrated to be able to cut off soil N2O emissions in both field and laboratory 

investigations (Cayuela et al., 2013; Rondon et al., 2007; Spokas and Reicosky, 2009; Yanai 

et al., 2007b). In the present study, soil N2O emissions were monitored under presumed 

aerobic conditions, i.e., 60% WFPS. However, denitrification might still occur in organic-C 

rich hot spots due to rapid O2 depletion via microbial respiration. Several mechanisms have 

been proposed to explain the roles of biochar in mitigating N2O emissions via 

denitrification, including biochar toxicity, aeration regulation, NO3
− immobilization and 

liming effects. While the high porosity of biochar may enhance the supply and distribution 

of O2, changes in aeration appeared to have little influence on N2O emissions mitigation 

(Case et al., 2012; Cayuela et al., 2013). Liming effects on N2O emissions mitigation were 

also controversial (Hüppi et al., 2015; Obia et al., 2015), and so was biochar toxicity. 

Recently, Cayuela et al. (2013) has proposed a new theory to explain biochar effects on 

mitigating N2O emissions via denitrification. In this hypothetical framework, biochar has 

been emphasized as a reducing agent due to containing redox-reactive Mn (IV) and Fe (III) 

to compete with NO3
− and thereby reducing denitrification as well as an electron conduit 

associated with biochar-liming effect to promote N2O reductase for conversion to N2. 

Nonetheless, it is still a challenge to generalize biochar mitigation mechanisms because of 

large variations in biochar characteristics and hence biochar-soil interactions.

Biochar mitigation effects may also relate to N2O formation pathways (Sánchez-García et 

al., 2014). It is well known that several biological processes contribute to N2O emissions, 

including prokaryotic-mediated ammonium oxidation, nitrifier-denitrification, and 

denitrification. Recently, fungal denitrification has also been recognized as an important 

source of N2O emissions (Chen et al., 2014; Crenshaw et al., 2008; Laughlin and Stevens, 

2002; Yanai et al., 2007a). Could the differences in N2O emissions between M and BM be 

caused by shifts in biological N2O formation pathways? To address this question, we 

estimated the source partitioning of N2O, using a mass balance equation in section 2.7. 

Using the average SP during d 2 to 7, ~17‰ for M and ~26‰ for BM, nitrification and 
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fungal denitrification contributed ~58% and 73% of total N2O emissions for M and BM, 

respectively. This also suggested that BM suppressed bacterial denitrification and nitrifier 

denitrification.

The “N2O formation pathways change” supposition appeared to be further supported by the 

changes in the abundances of microbial communities involved in nitrification and 

denitrification. The lower abundance in BM than M of nirK, a gene encoding bacterial 

copper nitrite reductase for catalyzing nitrite reduction to NO during bacterial denitrification 

and nitrifier denitrification (Lawton et al., 2013), was well aligned with the lower 

contribution in BM than M of the two processes to N2O emissions. Others (Li et al., 2016; 

Liu et al., 2014) also found that biochar could suppress nirK or nirS gene abundances and 

hence N2O emissions. Of all the genes for encoding enzymes for bacterial nitrification, 

archaeal nitrification, and fungal denitrification, only archaeal amoA differed consistently 

between BM and M, suggesting that archaeal nitrification might be the main cause for 

observed differences in 15N-SP of N2O between BM and M. In fact, greater abundance of 

archaeal amoA in BM than M coincided with greater N2O contribution by combined 

nitrification and fungal denitrification in BM than M.

However, we need to stress that the differences in 15N-SP of N2O between BM and M could 

also be caused by N2O reduction. Isotope fractionation during N2O reduction to N2 can 

enrich 15N at the α position of N2O and therefore increase SP (Wu et al., 2016). Biochar has 

been found to be able to stimulate nosZ, a gene encoding N2O reductase for N2O conversion 

to N2 (Harter et al., 2014; Xu et al., 2014). A recent study by Wang et al. (2013) showed that 

biochar as a bulking agent during manure compost could reduce nirK abundance, but 

increase nosZ abundance and thus N2O emissions mitigation by biochar-manure composting 

was likely due to biochar effects on inhibiting N2O production and simultaneously 

increasing N2O consumption. Although our experiment was conducted under overall aerobic 

conditions, N2 might also be generated at organic C-rich microsites due to O2 depletion 

caused by microbial respiration. If so, we might overestimate the contribution of nitrification 

and fungal denitrification to N2O, specifically in BM.

4.2. Soil health improvement by BM versus M

Organic C is one of the biological properties used for assessing soil health. While both BM 

and M increased soil organic C content, BM effects were more substantial, perhaps because 

BM contained greater and more stable organic C than M. Biochar is known to resist 

biological degradation and therefore enhance soil carbon sequestration (Lehmann et al., 

2006). For example, despite that biochar stability varied with pyrolysis material and 

conditions, the mean residence time of biochar in soil can range from several years to 

decades (Steinbeiss et al., 2009). In this study, biochar applied with BM was equivalent to 

1% of soil mass and this small percentage of biochar addition appeared not to increase soil 

organic C significantly. However, compared with M, BM significantly increased soil organic 

C content by ~27% as measured at the end of incubation. Our results suggested that biochar 

might interact with organic C in manure, rendering organic C more stable during 

composting. Several recent studies have pointed out the role of biochar in stimulating the 

stabilization of organic material during composting. Using biochar as a bulking agent for the 
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composting of poultry manure has been found to increase humic-like substances and 

meanwhile reduce water soluble C (Dias et al., 2010; Jindo et al., 2012) possibly due to 

sorption and stabilization of labile C compounds from microbial necromass.

Differences in the stability and chemical composition of organic matter can be manifested by 

changes of soil enzyme activities (Shi et al., 2006). As a cost-effective entity, the soil 

microbial community often generates extracellular enzymes that help achieve maximum 

benefits, i.e., available C and nutrients from the environment (Shi, 2010). Peroxidase is an 

enzyme involved in depolymerization and/or degradation of recalcitrant substances, such as 

lignin and phenolic compounds. Because C and energy return efficiencies are substantially 

lower from microbial degradation of recalcitrant substances than from degradation of 

carbohydrates, it is expected that microbial community would allocate resources to prioritize 

the production of cellulase over peroxidase if carbohydrates are present in the environment. 

This explains why we observed the lower peroxidase activity and greater activities of 

exoglucanase and glucosidase in BM and M compared to soil alone. Further, the greater 

activity of peroxidase in BM than M implied that BM contained more recalcitrant and stable 

organic C than M. Other biological properties examined in this study also indicated that BM 

might favor greater soil C accumulation than M. Microbial CO2 respiration was shown to be 

lower in BM than M, but fungal-to-bacterial ratio was higher in BM than M. Fungal 

dominance has been associated with large soil C storage, although the cause-effect 

relationships are complex (Bailey et al., 2002; Strickland and Rousk, 2010).

4.3. Conclusions

The positive impacts of compost on sustaining soil quality and improving nutrient supply 

have been well documented in literature. Despite different bulking materials used for 

composting between M and BM, both composts were proven to be effective for improving 

short-term soil available N, microbial biomass and activity, and the potential of hydrolytic 

enzymes for degrading organic matter. This work also revealed that both composts could 

considerably enlarge the population of soil N2O-producing fungi over a short term. 

However, compared with M, BM significantly reduced peak soil N2O emissions following 

soil amendment and improved soil organic C stabilization. Further, reduction in soil CO2 

effluxes caused by BM over M during the short-term incubation appeared to be able to offset 

C loss during biochar formation. Because biochar aging can alter its physical and chemical 

properties, thereby affecting fundamental characteristics of “fresh” biochar, caution should 

be taken in extrapolating short-term effects of BM versus M to long-term impacts.
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Fig. 1. 
Changes in soil inorganic N (A) and extractable organic N (B) over time following BM and 

M addition. Insert figures represent net N mineralization and net change of extractable 

organic N at the end and beginning of incubation, respectively. Data were normalized by the 

amount of N addition in BM and M, respectively, after subtracting data of controls (i.e., CK 

and B). Error bars are standard error for n = 3; symbol * denotes significant differences at P 
< 0.05.
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Fig. 2. 
Changes in the activities of soil exglucanase, β-glucosidase, β-glucosaminidase, and 

peroxidase over the incubation following BM and M addition. Data were normalized by the 

amount of C addition in BM and M, respectively, after subtracting data of controls (i.e., CK 

and B). Error bars are standard error for n = 3; symbol * denotes significant differences at P 
< 0.05.
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Fig. 3. 
Changes in the cumulative activities of soil exglucanase, β-glucosidase, β-glucosaminidase, 

and peroxidase over the incubation following BM and M addition. Data were normalized by 

the amount of C addition in BM and M, respectively, after subtracting data of controls (i.e., 

CK and B). Error bars are standard error for n = 3; symbol * denotes significant differences 

at P < 0.05.
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Fig. 4. 
Changes in the gene abundances of 16S (A), ITS (B), nirS (C), nirK (D), AOA amoA (E), 

AOB amoA (F), Fungal nirK (G), and Fungal p450nor (F) following BM and M addition 

over the incubation. Data were normalized by the amount of C addition in BM and M, 

respectively, after subtracting data of controls (i.e., CK and B). Error bars are standard error 

for n = 3; symbol * denotes significant differences at P < 0.05.
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Fig. 5. 
Changes in soil N2O (A) and CO2 (B) fluxes following BM and M addition. Insert figures 

represent changes in cumulative N2O and CO2 emissions over the incubation, respectively. 

Data were normalized by the amount of N addition for N2O and by the amount of C addition 

for CO2 in BM and M, respectively, after subtracting data of controls (i.e., CK and B). Error 

bars are standard error for n = 3; symbol * denotes significant differences at P < 0.05.
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Fig. 6. 
15N isotope site preference (SP) (A) and δ15NBulk of N2O (B) in BM- and M-amended soil. 

Error bars are standard error for n = 3; symbol * denotes significant differences at P < 0.05.
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Table 1

Primers and qPCR conditions for the real-time PCR quantifications of 16S rDNA, ITS region of rDNA, nirS, 

nirK, amoA in AOA and AOB, fungal nirK and P450nor genes extracted from variously treated soils.

Target genes Primers (sequences) and fragment sizea qPCR conditionsb References

16S rDNA F: Eub338 (ACTCCTACGGGAGGCAGCAG) 40 CL: 98 °C for 10 s, 53 °C for 30 s, & 72 °C 
for 30 s

(Fierer et al., 2005)

R: Eub518 (ATTACCGCGGCTGCTGG)

S: 200 bp

ITS F: 5.8S (CGCTGCGTTCTTCATCG) Same as 16S rDNA (Fierer et al., 2005)

R: ITS1f (TCCGTAGGTGAACCTGCGG)

S: 300 bp

nirS F: nirSCd3aF (AACGYSAAGGARACSGG) Six TD CL: 98 °C for 10 s, 63 °C for 30 s, & 
72 °C for 30 s with AT dropped by 1 °C CL−1 

to 58 °C

(Kandeler et al., 
2006)

R: nirSR3cd (GASTTCGGRTGSGTCTTSAYGAA) 40 CL: 98 °C for 10 s, 58 °C for 30 s, & 72 °C 
for 30 s

S: 425 bp

nirK F: nirK876 (ATYGGCGGVAYGGCGA) Same as nirS (Henry et al., 2004)

R: nirK1040 (GCCTCGATCAGRTTRTGGTT)

S: 165 bp

AOA amoA F: CrenamoA23f (ATGGTCTGGCTWAGACG) 40 CL: 98 °C for 10 s, 60 °C for 30 s, & 72 °C 
for 30 s

(Tourna et al., 2008)

R: CrenamoA616r (GCCATCCATCTGTATGTCCA)

S: 625 bp

AOB amoA F: amoA-1F (GGGGTTTCTACTGGTGGT) 40 CL: 98 °C for 10 s, 56 °C for 30 s, & 72 °C 
for 30 s

(Rotthauwe et al., 
1997)

R: amoA-2R (CCCCTCKGSAAAGCCTTCTTC)

S: 491 bp

Fungal nirK F: FnirK_F3 (GCARAGCGAGTTYTACCAYG) Same as AOB amoA (Chen et al., 2016b)

R: FnirK_R2 (TVCCGATDAYRTGGAAYGARC)

S: 233 bp

P450nor F: Fnor (DTTTGTYGAYATGGATSCYCC) 40 CL: 98 °C for 10 s, 58 °C for 30 s, & 72 °C 
for 30 s

Unpublished

R: Fnor (TCATGTTBACCATRGTNGCRT)

S: 643 bp

a
F, R, and S stands for forward, reverse, and size, respectively.

b
CL, TD, AT are short for cycles, touchdown, and annealing temperature, respectively.
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