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Abstract

:

The fermentation quality of alfalfa silage is poor but can be improved with additives. This study investigates the effects of biochar on the fermentation quality and bacterial diversity of high-moisture alfalfa silage. Alfalfa was treated with: (i) control without additive (CK); (ii) 1% biochar (1% carbon C); (iii) 2% biochar (2% C), and fermented for 15 or 30 d. Mixing alfalfa with biochar significantly decreased (p < 0.05) pH, the number of coliform bacteria, nonprotein nitrogen content, and ammonia–nitrogen content, and significantly increased the contents of dry matter, lactic acid, and true protein. The addition of biochar also influenced bacterial community distribution. The relative abundance of Lactobacillus and Enterococcus increased while the abundance of Pantoea decreased with biochar treatment. In conclusion, alfalfa silage’s fermentation quality and microbial community structure are improved by adding biochar from the pyrolysis of waste furniture.
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1. Introduction


“Ensiling” is a common preservation method of animal forage in which lactic acid bacteria (LAB) use carbohydrates as substrates to produce organic acids under anaerobic conditions [1]. Alfalfa (Medicago sativa L.) is a widely cultivated and important forage worldwide because of its high economic value and yield [2]. The low water-soluble carbohydrate (WSC) content and high buffering capacity of alfalfa hamper the creation of high-quality alfalfa silage [3]. Ni et al. [4] reported that alfalfa silage has poor fermentation quality, which is usually attributed to the growth of undesirable bacteria from genera such as Clostridium and Enterobacter. Thus, silage additives are necessary to obtain well-fermented alfalfa silage.



“Biochar” is a charcoal-rich product produced by heating wood, fertilizer, and organic waste as the starting material of biomass in a closed container [5]. It is used mainly as a promising multifunctional soil conditioner. Biochar application in combination with high-P fertilizer input may increase alfalfa yields and lower Cd concentrations [6]. Another study showed that soil microbial diversity changed in cornfields after the addition of biochar [7]. Biochar has a porous structure, a large surface area, and a high capacity for gas absorption, so it was used as a carrier to enhance crop growth effectively and to vehicle active degrader strains in soil [8,9]. Biochar application leads to an increased abundance of Nitrosomonas and Nitrospira and promotes fungal growth such as Zygomycota, Glomeromycota, and Neocallimastigomycota. It was reported that biochar provides mineral nutrients and an increased surface area, promotes biofilm habitats suitable for bacterial community proliferation in the animal rumen, and improves ruminal feed digestion [10]. Moreover, it is also possible to reduce ruminal enteric methane emissions by reducing rumen methanogens and increasing methanotrophs [11,12]. Additionally, the cost of biochar is low, and it can also be used as a new silage additive with ecological and economic benefits. Biochar is added to silage, which absorbs nutrients from ruminant intestines and then enters the soil with feces, effectively improving soil fertility and grassland productivity and creating an ideal environment for incorporating biochar into agricultural systems [5,13]. According to previous studies, sugarcane bagasse fermentation could stimulate bacterial growth consequent to biochar treatment [14]. However, few studies have focused on the effects of biochar on the fermentation characteristics and bacterial community in silage thus far.



The primary purpose of the present study is to evaluate the effect of introducing biochar on silage quality and microbial community structure for ensiling alfalfa (Medicago sativa L.).




2. Materials and Methods


2.1. Silage Preparation


Alfalfa was manually collected from three experimental plots (each 10 m2) at South China Agricultural University (23.24° N, 113.64° E, Guangzhou, China) in July 2020. No herbicide or fertilizer was used during planting. Fresh alfalfa was mixed and chopped by hand to 1–2 cm with a paper cutter. Following the method described in an editorial note by Robinson et al. [15], the chopped fresh material was randomly divided into 18 sub-samples (each about 100 g), and each treatment was set up in triplicate. Additives were administered and mixed homogenously with alfalfa and divided into equal portions for the three treatments: no additive (CK); 1% biochar based on fresh matter (FM) (1% carbon C); 2% biochar based on FM (2% C). Next, the alfalfa was packed and compressed manually into plastic-film bags, sealed with a vacuum-packaging machine, and then prepared and stored indoors at 21–30 °C. Three bags for each treatment were opened randomly to analyze fermentation quality and bacterial community after 15 and 30 d of ensiling. Following a method described by Zhang et al. [16], biochar was produced by drying mixed wood waste from a furniture factory and pyrolyzing it for 6 h in a carbonized furnace at 450 °C. It was found to contain many mineral nutrient elements.




2.2. Analyses of Bacterial Populations, Organic Acids, and Chemical Composition


A total of 20 g (including raw material and silage) of alfalfa was taken randomly, soaked in 180 mL of sterile 0.9% saline for about 15 min, and serially diluted from 10−1 to 10−6 on a clean bench. LAB and coliform bacteria were cultured, and their abundance was estimated using de Man–Rogosa–Sharpe agar and violet red bile agar at 30 °C for 2 d [17]. Samples of yeast and mold were cultured and determined on Rose Bengal agar for 2 d at 28°C [18]. A total of 20 g of each silage sample was homogenized with 180 mL of distilled water for 18 h at 4 °C and then filtered through four layers of cheesecloth and filter paper. A glass-electrode pH meter was immediately employed to measure the pH of this filtrate. Ammonia nitrogen (NH3-N) content was measured using the phenol–hypochlorite assay [19]. The contents of organic acids were determined by high-performance liquid chromatography (HPLC) according to the conditions and procedure described by Wang et al. [17]. Silage samples (~100 g) were dried at 65 °C for 48 h to determine the dry matter (DM) contents. A laboratory knife mill with a 1 mm screen was used to grind the dried samples. The WSC content was analyzed by colorimetry after reaction with an anthrone reagent [18]. The crude protein (CP) content was analyzed following the method described by the Association of Official Analytical Chemists [20]. The contents of neutral detergent fiber (NDF) and acid detergent fiber (ADF) were determined according to the protocols described by Van Soest et al. [21]. Nonprotein nitrogen (NPN) and true protein (TP) contents were measured according to the method detailed by Licitra et al. [22].




2.3. Analyses of Bacterial Communities


2.3.1. Bacterial DNA Isolation and 16S Amplicon Sequencing


To analyze the bacterial community composition of alfalfa fermented with biochar, all samples were collected and then stored at −20 °C before DNA extraction. DNA was extracted using a DNA isolation kit (Omega Biotek, Norcross, GA, USA) according to manufacturer protocols. Polymerase chain reactions (PCRs) were conducted in a 50 μL system (100 ng of template DNA, 5 μL of 2.5 mM deoxynucleoside triphosphates (dNTP), 1.5 μL of primer (5 μM), 1 μL of KOD polymerase, and 5 μL of 10 × KOD buffer) to amplify 16S rDNA V3–V4 hypervariable regions using 341F (CCTACGGGNGGCWGCAG) and 806R (GGACTACHVGGGTATCTAAT) as primers according to the method of Wang et al. [23]. An Illumina platform (Guangzhou Gene Denovo, Guangzhou, China) was used to sequence the PCR products after purification.




2.3.2. Illumina Hiseq2500 Sequencing


Purified amplicon sequencing was conducted using the Illumina platform according to the standard protocols. Raw tags obtained in this study were filtered using the QIIME (V1.9.1) pipeline, and the UCHIME algorithm was applied to identify and remove chimeric sequences.





2.4. Statistical Analyses


The effects of the number of ensiling days, the addition of biochar, and their interactions were compared by a two-way analysis of variance in SPSS 21 (IBM, Armonk, NY, USA). Duncan’s multiple range test was used to analyze the differences among the mean values of each sample. All figures were created using Adobe Illustrator CS 4.0 (San Jose, CA, USA). We then analyzed the DNA-sequencing data using a platform of OmicShare tools (http://www.omicshare.com/tools accessed on 11 October 2020) according to the method of Wang et al. [17].





3. Results and Discussion


3.1. Characteristics of Alfalfa Material


Fresh alfalfa contained 30.0% DM (Table 1). This high DM content of alfalfa explains why it could be ensiled directly without wilting. The CP content (14.1% DM) of alfalfa was slightly lower than that reported by Wang et al. [23], and this difference may have been due to a different climate, fertilization, or harvest time. The NDF and ADF contents were 47.1 and 31.5% DM, respectively. The high fiber content may be related to its high dry matter content. It is necessary to reduce the fiber content of alfalfa by silage fermentation. The WSC content is a crucial indicator for assessing fermentation quality, and it was lower than the theoretical requirement (6–7% DM) in this study [24]. Hence, obtaining high-quality alfalfa silage may be difficult because the substrate for LAB fermentation is limited. In general, the initial LAB count of materials is >5.00 log10 cfu/g fresh matter for high-quality silage [25]. In the present study, the LAB count was 6.68 log10 cfu/g FM, which might be conducive to better alfalfa silage. The number of coliform bacteria was 6.25 log10 cfu/g FM. The numbers of yeasts and molds were 5.06 and 4.37 log10 cfu/g FM, respectively. Undesirable microbes could be very disadvantageous to alfalfa silage if they were present. Therefore, the use of effective additives to obtain a higher quality of alfalfa silage by inhibiting these harmful microbes at the early stage of ensiling would be appropriate.




3.2. Fermentation Quality of Alfalfa Silage


The DM content increased significantly (p < 0.01) after mixing with biochar (Table 2), which indicated that the water content of alfalfa was reduced after biochar treatment. pH is a crucial parameter to assess the quality of forage silage and is particularly important in high-moisture silage. The pH value of the alfalfa silage treated with 2% biochar decreased significantly (p < 0.05). In the present study, the pH values of all the silages were higher than the standard threshold of well-fermented silage (pH 4.2) [26], which may be detrimental to aerobic stability and long-time preservation. It might be related to the lower organic acids of alfalfa silage and lower WSC content in alfalfa raw materials. At the same time, high-moisture alfalfa might dilute the acid concentration limiting the decrease in pH. In addition, after 30 d of ensiling, the amount of lactic acid increased significantly (p < 0.05) upon treatment with 2% biochar compared with that in the controls. This phenomenon might explain the significant decrease in pH (p < 0.01) in alfalfa silage after mixing in biochar. The addition of biochar would not affect the amount of acetic acid, which ranged across all treatments from 0.78 to 0.84% DM. Acetic acid is an important antifungal agent, and it could improve the aerobic stability of silage, which might explain why molds and yeasts were not detected. The content of propionic acid was below the lower limit of detection in our study. Butyric acid is a primary product of activities by the Clostridia species during ensiling. Clostridial fermentation is undesirable because it leads to nutritional loss and latent health issues [26]. Furthermore, clostridial activity reduces intake of silages by livestock, especially if the level of butyric acid in silage is >0.5% DM [27]. The content of butyric acid was not detected in 2% biochar-treated silages stored for 30 d. This result might be due to a decrease in pH after biochar treatment, thereby leading to inhibition of the activity of Clostridium species. Silage stored for 30 d had a significantly lower LAB count (p < 0.05) than that stored for 15 d. This result could have occurred because the fermentation substrate for LAB was reduced with the prolongation of silage storage time. The number of coliform bacteria significantly decreased (p < 0.01) after biochar treatment and was below the lower detection limit after 30 d of ensiling. This observation indicated that the growth rate of coliform bacteria after the biochar treatment was much lower than in the controls, and that long-term silage and addition of biochar could effectively inhibit their growth.



In general, a higher proportion of true protein indicates a higher nutritional value of the protein, while the nitrogen utilization ratio of true protein is higher than that of nonprotein-N. The content of true protein in the biochar treatment group was significantly higher (p < 0.01) than in the control group (Table 3). At the same time, proteolysis of high moisture protein feed is of particular concern in silage fermentation. Enzymes in silage first hydrolyze proteins into peptides and free amino acids and further degrade them into amides, amines, and ammonia through microbial activities [28]. Nonprotein-N and ammonia–N are important parameters of proteolysis in silages. Accumulation of ammonia–N during ensiling is closely related to the interaction of proteases and bacterial activity [29]. In the present study, more than half of the protein in alfalfa silage (65.1% TN) was degraded after a 30 d ensiling. As in our previous study, 56.04% of the protein in stylo was degraded after 60 d of silage [30]. Therefore, it is necessary to take measures to inhibit protein hydrolysis. The use of additives is an appropriate method to reduce protein degradation due to the serious protein loss of legumes in natural silage. The nonprotein-N content decreased significantly (p < 0.01) upon the biochar treatment, which indicated that the addition of biochar might improve protein preservation in alfalfa silage. The ammonia–N content decreased significantly in alfalfa silage compared with that in controls (p < 0.01), which may be because the biochar could alter the bacterial community and affect microbe activity [31]. The decrease in pH upon biochar treatment in silage leads to the inactivation of plant enzymes and inhibits proteolysis. Similarly, Wang et al. [32] reported that the activity of proteases decreased when formic acid was added to the Neolamarckia cadamba leaves. Microbial and protease activities are inhibited under acidic conditions; thus, proteins are efficiently preserved. Hence, biochar could be used as an additive to reduce protein degradation and improve the fermentation quality of alfalfa.




3.3. Bacterial Community of Alfalfa Silage


The phyla of bacterial communities and their relative abundance in alfalfa silage are shown in Figure 1. Proteobacteria was the most abundant phylum in raw material (~90%). After fermentation for 15 and 30 d, bacteria of the phylum Proteobacteria decreased from 88.6 to 46.7 and 46.2%, respectively, but remained the most abundant. The relative abundance of bacteria of the phylum Firmicutes increased rapidly compared with their abundance in the raw material. Similar results have been documented by Liu et al. [33], where Firmicutes and Proteobacteria were the most abundant phyla at any time during barley silage, and their relative richness continued to increase to 99% after 60 d of silage. In the present study, the total number of bacteria from the phyla Firmicutes and Proteobacteria increased to ~99% in the latter stage of ensiling, and they were the most abundant phyla of all treatments of raw material during ensiling. The dominance of these two phyla may be due to the low pH and anaerobic conditions during ensiling, which would have been beneficial to the growth of bacteria from these phyla. The percentage of bacteria from the phylum Bacteroidetes decreased gradually and was virtually absent after 30 d of silage. The percentage of bacteria from the phylum Actinobacteria increased at 30 d of silage, but it was not significant. The genus of bacterial communities in alfalfa silage and their relative abundance are shown in Figure 2. Bacteria of the genus Lactobacillus have a high tolerance to low pH and a relatively high capacity of acid production and are, therefore, often screened for use as inoculants in silage. When the pH declined, Lactobacillus became the dominant species and grew vigorously. The relative abundance of Lactobacillus species increased from 0.95 to 28.08% in alfalfa silages after 30 d. Enterococcus species could produce lactic acid, and they could usually survive only in the early stages of silage because of their poor tolerance to acids. The relative abundance of Enterococcus species increased after silage fermentation. Nishino et al. [34] observed a similar result in guinea grass silage, where the results showed that the richness of Enterococcus increased with the extension of time and reached a maximum at 56 d. This result might have been caused by pH being high at a late stage of silage and decreasing slowly. In summary, the total numbers of Lactobacillus and Enterococcus species after 30 d of silage were more than those at 15 d. This indicates that biochar could increase the relative abundance of some LAB and may partially explain the positive effect of biochar in the ensiling of alfalfa. Moreover, more abundant Enterobacter species were discovered after ensiling, but the increase in the number of Enterobacter species after treatment with 2% biochar was less than that for treatment with 1% biochar. Enterobacter species are harmful because they can produce ammonia–N in silage and compete for substrates with LAB [29]. The decrease in the number of Enterobacter species also explained the decrease in ammonia–N content upon the addition of biochar in alfalfa silage.



The effect of Pantoea species in silage fermentation is not known. Ogunade and colleagues stated that the number of Pantoea species is inversely associated with ammonia–N content [35]. It has been speculated that Pantoea species could reduce the ammonia–N content in silage. Conversely, Li et al. [36] considered the effect of Pantoea species to be similar to that of Enterobacter species in silage, in that they compete with LAB for nutrients, in turn inferring that Pantoea species in silage would also be undesirable. The relative abundance of Pantoea species was reduced significantly after silage fermentation in our study. However, after 30 d of silage, more abundant Pantoea species were observed after biochar treatment than in the controls. The relative abundance of Pediococcus, Clostridium, and Weissella was detected in silage, and the abundance of Clostridium decreased with the addition of 2% biochar compared with 1% biochar, especially after 30 d ensiling. However, the relative abundance of Lactobacillus decreased after the addition of biochar in 30 d silage (Figure 3). The decline in Lactobacillus may be related to other LABs increasing, such as Enterococcus and Lactococcus. Methylobacterium increased in alfalfa silage, but its relative abundance after adding biochar was less than in the control. The Methylobacterium is strictly aerobic and neutrophilic, and it has also been found in alfalfa silage [35]. At the same time, the relative abundance of Enterobacter species and Clostridium species decreased in 2% of the biochar after 30 d of silage (Figure 3). This finding indicates that the inhibitory effect of biochar upon Enterobacter species and Clostridium species was improved after the addition of 2% biochar. Ogunade et al. [35] suggested that the presence of Pseudomonas species may contribute to protein preservation. Pseudomonas species can survive in anaerobic conditions. After 15 d of silage, the relative abundance of Pseudomonas increased by adding 2% biochar, which partly explained the decrease in ammonia–N content in this treatment. The relative abundance of Aeromonas, Comamonas, and Weissella significantly increased in 15 d silage but declined in 30 d silage. The relative abundance of Pantoea, Lachnospiraceae, and Kosakonia was significantly decreased in silage compared with raw material. However, some of these genera had low relative abundance, and their role in silage has not been extensively studied. It was also considered possible that the predominance of LAB inhibits their growth over longer silage times. These phenomena indicate the positive effects of biochar on the control of undesirable microbes, which may explain the improvement in fermentation quality during ensiling.





4. Conclusions


This study revealed that mixing biochar to alfalfa silage positively asserted its fermentation quality and bacterial diversity. pH, the number of coliform bacteria, nonprotein-N content, and ammonia–N content of alfalfa silage decreased significantly following the addition of biochar. The relative abundance of Pantoea species, as well as bacteria of the phyla Proteobacteria and Bacteroidetes, decreased, while the relative abundance of Lactobacillus and Enterococcus increased, and the abundance of Pantoea decreased after biochar treatment. Our data suggest that mixing biochar from the pyrolysis of waste furniture could improve the fermentation quality and bacterial diversity of high-moisture alfalfa silage. Therefore, this method avoids the growth and reproduction of undesirable microorganisms and the loss of nutrients; it is a highly suitable method for improving the fermentation quality of alfalfa silage. However, further experiments should be performed to better understand microbial change mechanisms after adding biochar to alfalfa silage.
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Figure 1. Microbial community and relative abundance by phylum for alfalfa silage (A, fresh alfalfa; CK, the control; 1C, 1% biochar; 2C, 2% biochar; D15, D30, after 15, 30 days ensiling, respectively). 
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Figure 2. Microbial community and relative abundance by genus for alfalfa silage (A, fresh alfalfa; CK, the control; 1C, 1% biochar; 2C, 2% biochar; D15, D30, after 15, 30 days ensiling, respectively). 
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Figure 3. Heatmap of prominent microbial genera (20 most abundant genera) for alfalfa silage (A, fresh alfalfa; CK, the control; 1C, 1% biochar; 2C, 2% biochar; D15, D30, after 15, 30 days ensiling, respectively). 
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Table 1. Chemical composition and microbial population of fresh alfalfa prior to ensiling (±SD, n = 3).
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	Items
	Alfalfa





	DM (%)
	30.0 ± 0.23



	Crude protein (%DM)
	14.1 ± 0.09



	Neutral detergent fiber (%DM)
	47.1 ± 2.02



	Acid detergent fiber (%DM)
	31.5 ± 0.73



	Water soluble carbohydrate (%DM)
	3.32 ± 0.40



	Lactic acid bacteria (log10 cfu/g FM)
	6.68 ± 0.39



	Yeasts (log10 cfu/g FM)
	5.06 ± 0.06



	Molds (log10 cfu/g FM)
	4.37 ± 0.06



	Coliform bacteria (log10 cfu/g FM)
	6.25 ± 0.79







DM, dry matter; FM, fresh matter; cfu, colony forming unit.
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Table 2. Effect of mixing biochar on fermentation parameters and microbial populations of alfalfa ensiled for 15 and 30 d.
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Items

	
Treatments

	
SEM

	
Significance




	
Ensiling Days

	
CK

	
1%C

	
2%C

	
D

	
C

	
D*C






	
DM (%)

	
15

	
28.4 c

	
29.7 bB

	
31.3 a

	
0.43

	
NS

	
**

	
**




	
30

	
29.1 b

	
30.7 aA

	
30.5 a

	
0.26




	
pH

	
15

	
5.09 a

	
4.93 b

	
4.85 c

	
0.04

	
NS

	
**

	
NS




	
30

	
5.08 a

	
5.03 a

	
4.85 b

	
0.04




	
Lactic acid (%DM)

	
15

	
1.27

	
1.27

	
1.26 B

	
0.01

	
NS

	
*

	
*




	
30

	
1.19 b

	
1.21 b

	
1.38 aA

	
0.04




	
Acetic acid (%DM)

	
15

	
0.82

	
0.78

	
0.81

	
0.03

	
NS

	
NS

	
NS




	
30

	
0.78

	
0.84

	
0.84

	
0.04




	
Propionic acid (%DM)

	
15

	
ND

	
ND

	
ND

	
-

	
-

	
-

	
-




	
30

	
ND

	
ND

	
ND

	
-




	
Butyric acid (%DM)

	
15

	
ND

	
ND

	
ND

	
-

	
-

	
NS

	
-




	
30

	
0.51

	
0.84

	
ND

	
0.10




	
Lactic acid bacteria (log10 cfu/g FM)

	
15

	
8.54 A

	
8.54 A

	
8.68 A

	
0.05

	
**

	
NS

	
NS




	
30

	
8.07 B

	
8.18 B

	
8.12 B

	
0.03




	
Yeasts (log10 cfu/g FM)

	
15

	
<2.00

	
<2.00

	
<2.00

	
-

	
-

	
-

	
-




	
30

	
<2.00

	
<2.00

	
<2.00

	
-




	
Molds (log10 cfu/g FM)

	
15

	
<2.00

	
<2.00

	
<2.00

	
-

	
-

	
-

	
-




	
30

	
<2.00

	
<2.00

	
<2.00

	
-




	
Coliform bacteria (log10 cfu/g FM)

	
15

	
5.73 a

	
4.79 b

	
4.02 b

	
0.27

	
-

	
**

	
-




	
30

	
<2.00

	
<2.00

	
<2.00

	
-








DM, dry matter; FM, fresh matter; cfu, colony-forming unit; CK, the control; 1% C, mixed with 1% biochar; 2% C, mixed with 2% biochar; D, the effect of ensiling days; C, the effect of biochar; D*C, the interaction effect of ensiling days and biochar; SEM, standard error of means; ND, not detected; “-”, default. Means with different letters in the same row (a–c) or column (A,B) indicate a significant difference (p < 0.05); **, p < 0.01; *, p < 0.05; NS, not significant.
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Table 3. Effect of mixing biochar on the protein fractions of alfalfa ensiled for 15 and 30 d.
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Items

	
Treatments

	
SEM

	
Significance




	
Ensiling Days

	
CK

	
1%C

	
2%C

	
D

	
C

	
D*C






	
Crude protein (%DM)

	
15

	
14.1

	
13.8

	
13.6

	
0.11

	
NS

	
**

	
NS




	
30

	
14.2 a

	
13.7 ab

	
13.5 b

	
0.12




	
True protein (%TN)

	
15

	
36.0 c

	
37.4 b

	
40.0 aA

	
0.60

	
**

	
**

	
**




	
30

	
34.9 b

	
37.6 a

	
37.7 aB

	
0.49




	
Nonprotein-N (%TN)

	
15

	
64.0 a

	
62.6 b

	
60.0 cB

	
0.60

	
**

	
**

	
**




	
30

	
65.1 a

	
62.4 b

	
62.3 bA

	
0.49




	
Ammonia–N (%TN)

	
15

	
6.60 aB

	
6.20 aB

	
5.20 bB

	
0.22

	
**

	
**

	
NS




	
30

	
8.10 aA

	
7.44 bA

	
6.68 cA

	
0.22








DM, dry matter; TN, total nitrogen; CK, the control; 1% C, mixed with 1% biochar; 2% C, mixed with 2% biochar; D, the effect of ensiling days; C, the effect of biochar; D*C, the interaction effect of ensiling days and biochar; SEM, standard error of means; Means with different letters in the same row (a–c) or column (A,B) indicate a significant difference (p < 0.05); **, p < 0.01; NS, not significant.
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