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Abstract

:

Straw and animal manure are major organic waste materials from agricultural ecosystems. Different kinds of animal manure combined with straw (AM-S) may have varying effects on the decomposition, nutrient release, and structural changes of maize straw. Using the Humic Cambisols soil as the experimental area, the straw decomposition characteristics under the co-application of animal manure were studied following the nylon net bag landfill method. The experiment involved four treatments: maize straw only (S), maize straw plus ox manure (SO), maize straw plus chicken manure (SC), and maize straw plus pig manure (SP). The treatments with AM-S accelerated the decomposition of straw and increased the release rate of nutrients and organic components (cellulose, hemicellulose, and lignin). During the 240 days of the study, straw decomposition showed a trend of increasing rapidly in the first stages and then increasing slowly in the latter stages in all the treatments. At 240 d, the straw decomposition rates and carbon release rates of the AM-S treatments were 65.25–71.87% and 64.04–69.35%, respectively. At the end of the experiment, the order for the final release rates of nitrogen (N), phosphorus (P), and potassium (K) was K (93.25–96.56%) > P (42.25–55.08%) > N (40.01–52.23%). Moreover, scanning electron microscopy showed that SP treatment had the highest degree of structural changes of the maize straw compared with the other treatments. The purpose of this study was to screen the effective animal manure that can promote straw decomposition and provide a reference for the rational use of straw and animal manure management. In conclusion, the study suggested that the co-application of animal manure and straw should be adopted in agricultural systems, especially SP treatment, as it was more conducive to promoting the decomposition of maize straw and the release of nutrients.
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1. Introduction


Straw and animal manure contain macro- and micronutrient elements necessary for plant growth; hence, returning them to the field is an important fertilization practice in agricultural systems [1,2,3]. Crop residues such as maize straw have a wide carbon to nitrogen (C/N) ratio and high cellulose content [4], hence often resulting in low nitrogen mineralization due to nitrogen immobilization in the soil. This poses a negative impact on the content of available nitrogen to plants in the soil and also slows the decomposition process [5]. On the other side, animal manure has a high nitrogen concentration and narrow C/N ratio and hence usually leads to high C and N mineralization [6]. Das et al. [7] found that, comparatively, mixtures of straw and animal dung are more suitable for composting and improving soil properties other than the individual application of each component. Mary et al. [8] showed that adding fertilizer N to the soil might stimulate the nutrient release from returned straw and partially offset the immobilization process of straw decomposition.



A large number of studies have suggested measures to promote straw decomposition, mainly by focusing on different nitrogen application rates from the organic materials, different returning methods, and straw combined with an application of different fertilizers or decaying agents [9,10]. Zhao et al. [11] found that the return of straw along with different fertilizers increased the straw decomposition rate, which was attributed to the greater biomass and diversity of fungi and bacteria. Latifmanesh et al. [12] also reported the effects of straw incorporation depth on soil C and N release and the decomposition rate of maize straw in a wheat–maize cropping system. However, there are few studies on the effects of adding different animal manure on straw decomposition and nutrient release.



Animal manure is an important method of heating in some countries, especially in Asia. In Nepal, northwestern India, and Central Asia, animal manure is burnt for heating purposes [13]. Sometimes, the animal manure is mixed with grass manure for cooking and heating in the plains of the Everglades or the treeless Himalayas. In China, more than 4 billion tons of animal manure are produced annually, a small portion of which is used for arable land because of the high costs involved in manure transport, application, and treatment [14]. In winter and spring, the indigenous Tibetan combusting yak manure is also used for heating in some parts of China [15].



The objective of this study was to screen the effective animal fertilizer, which can promote straw decomposition and provide a reference for rational use of straw and animal fertilizer management. In this study, the nylon net bag method was used to explore the straw decomposition rate, nutrient release, chemical composition, and structural changes under the combined application of animal manure. This will help to select the most effective animal manure that can promote straw decomposition and also provide a theoretical basis for the rational and efficient utilization of straw and animal manure.




2. Materials and Methods


2.1. Experimental Site


Field experiments were conducted in Liaoyuan County, Jilin Province, Northeast China (42°50′55″ N, 125°20′31″ E) (Figure 1). The climate of the experimental site is characterized by a temperate continental monsoon climate. The average annual temperature is 5.4 °C, and the mean annual precipitation is 666.5 mm. The frost-free period is approximately 140 d, and the average yearly sun exposure is 2507 h. The soil is classified as dark-brown soil, named Cryumbreps in the American soil classification system and Humic Cambisols in the World Reference Base for Soil Resources (WRB), with a pH of 6.3. The main basic properties of the soil were as follows: 12.34 g kg−1 total organic carbon, 1.25 g kg−1 total nitrogen, 100.44 mg kg−1 alkali-hydrolyzable nitrogen, 20.28 mg kg−1 available phosphorus, and 125.13 mg kg−1 available potassium. Artificial irrigation was not provided during the experiment.




2.2. Field Experiment Design


The field was arranged in a randomized block design consisting of four treatments in three replicates. Each plot had a dimension of 10 × 5 m, and the treatments were maize straw only (S), maize straw plus ox manure (SO), maize straw plus chicken manure (SC), and maize straw plus pig manure (SP). The chicken manure, ox manure, and pig manure were collected from chicken farms, ox farms, and pig farms in Liaoyuan County, and they were composted a few months before application. The basic properties of the organic materials used in this study are shown in Table 1.



In this experiment, the same amount of maize straw was applied to each plot (7300 kg ha−1). The application of the animal manure was adjusted so that equal amounts of carbon (7738 kg C ha−1) can be applied in each plot in 2018 and 2019. The application rate for the animal manure was 32,500 kg ha−1 for chicken manure, 25,123 kg ha−1 for ox manure, and 24,333 kg ha−1 for pig manure. In each plot, trenches were made whereby the same amount of maize straw was applied in all the treatment plots. Thus, pig manure, chicken manure, and cow manure were evenly spread on the maize straw for the respective treatment plots before sowing the maize. However, the focus of this study was to sample the litterbags for the experiment.



An in situ soil burying test of a nylon net bag was conducted in May 2018. In October 2017, the maize straw from the test area was collected as the initial straw materials and brought back to the laboratory for air drying. The crushing length of the stems and leaves was about 8 cm, and the stalks and leaves were mixed evenly for use. Before straw bagging, 20.65 g of cow manure, 26.71 g of chicken manure, and 20 g of pig manure were used for SO, SC, and SP treatments (calculated according to the weight of straw in the straw bale, which was consistent with the application amount corresponding to the 7300 kg ha−1 straw returned to the field in the field test). There were 96 sample bags (4 treatments × 3 replicates × 8 samples), and the dimensions for the sample bag were 15 × 25 cm, 0.01 mm mesh size. The weight of straw in each bag was 6.00 ± 0.03 g, followed by adding the animal manure of each treatment, respectively, according to the equal carbon principle. The nylon bag was tied tightly and then buried in the corresponding plots of each treatment, respectively.




2.3. Soil Sampling and Measurement


Sample bags were destructively retrieved at 30, 60, 90, 120, 150, 180, 210, and 240 days after the bags were buried. At each sampling date 12 (4 treatments × 3 replicates) nylon net bags were retrieved. On every sampling date, the litterbags were handled with great care during the removal process, and each litterbag was carefully transported in a separate plastic bag to minimize the loss of any small debris from the litterbag. The soil and root debris attached to the surface of the straw bag were washed with distilled water, followed by drying the straw bag at 65 °C for analysis.



The dry weight of the straw was measured and weighed by a 1% balance. The organic carbon within the remaining straw was measured by the exogenous thermal process with potassium dichromate [16]. The total N, total P, and total K were measured following the Kjeldahl method, molybdenum antimony anticolorimetric method, and flame photometer, respectively. According to Equations (1) and (2), decomposition rate and nutrient release rate were calculated.



The decomposition rate of cellulose, hemicellulose, and lignin in straw: Van Soest acid detergent fiber [17] was used to determine their content and calculate the decomposition rate (Equation (3)).



The microstructure of the straw surface was observed by using a scanning electron microscope. After vacuum drying, the sample was sprayed with SEM gold spray, and the image was taken under 3 kV acceleration voltage.


Decomposition rate (%) = (M0 − Mt)/M0 × 100%



(1)






Nutrient release rate (%) = (M0C0 − MtCt)/M0C0 × 100%



(2)






Decomposition rate of straw organic components (cellulose, hemicellulose, and lignin) (%) = (M0E0 − MtEt)/M0E0 × 100%



(3)







M0 is the initial dry weight of straw before decomposition (g), Mt is the dry weight of straw (g) when the decomposition time is t, t is the decomposition time (d); C0 is the original nutrient content of straw, and Ct is the nutrient content of straw when the decomposition time is t; E0 is the original organic component content of straw, and Et is the organic component content of straw when the decomposition time is t.




2.4. Statistical Analysis


Statistical analyses were carried out using the SPSS (SPSS v17.0) statistical software (SPSS). Relevant data tables and graphs were obtained using Microsoft Excel.





3. Results


3.1. Decomposition Rate


The decomposition rate of straw for the different treatments is shown in Figure 2.



During the 240 days of the study, straw decomposition showed a trend of increasing rapidly in the first stages and then increasing slowly in the latter stages in all the treatments. That is, the rapid decomposition period of maize straw was from 0 to 60 d, while the slow decomposition period was from 60 to 150 d, and the stable decomposition period was 150–240 d. The straw decomposition rate of the different treatments varied, following the order SP > SC > SO > S. The fastest straw decomposition was recorded for 0–30 days, and the decomposition rates of SP, SC, and SO were 41.32%, 38.81%, and 35.11%, respectively, which were 32.73%, 24.67%, and 12.79%, respectively, higher than the S treatment. Straw decay continued rapidly for 30–60 days, and at 60 d, the straw decomposition rate of SP reached 63.16%. At 240 d, the straw decomposition rates of SP, SC, SO, and S were 71.87%, 69.36%, 65.25%, and 52.26%, respectively.




3.2. Carbon Release Rate


The carbon release rate of straw for the different treatments is shown in Figure 3. During the process of straw decomposition, the straw continued to release carbon, and with the extension of the decay time, the carbon release was rapid at first (0–90 d), then became slow (90–150 d), and finally tended to be stable (150–240 d). The carbon release rate of treatments with different animal manure was higher than that without manure. At 240 d, the sequence of carbon release rate was SC (69.35%) > SP (67.32%) > SO (64.04%) > S (57.17%).




3.3. Nutrient Release Rate of Maize Straw


The nutrient release rate of straw for the different treatments is shown in Figure 4. During the whole process of straw decomposition, the release rates of nitrogen, phosphorus, and potassium increased gradually, showing a trend of rapid release at first and a slow-release trend during the latter stages. The release rates of nitrogen, phosphorus, and potassium in the treatments with animal manure were all higher than in the treatment without manure. At 30 d, the nitrogen in maize straw was released rapidly (20.21–27.13%); the phosphorus release rate from the straws accounted for more than 50% of the total phosphorus release in the whole test process, and SP treatment had the highest phosphorus release rate (56.72%), which was 7.89% higher than S treatment (p < 0.05); the potassium release rates in SP and SC treatments were 57.34% and 55.64%, respectively, which were slightly higher than those of the other treatments. At 240 d, the highest nutrient release rate was recorded in SP and SC treatments, and the highest release rate of P and K was recorded in SP treatment while the highest release rate of N was recorded in SC treatment. The higher release rates for K against the other chemical constituents (N&P) are mainly related to the form of nutrient elements in the straw, which determines the release rate of nutrient elements. Potassium and phosphorus mainly exist in ionic form, but phosphorus is especially involved in cell membrane formation, therefore making the release rate of potassium higher than that of phosphorus. Nitrogen, on the other hand, mainly exists in organic form in straw, and its release rate is the slowest.




3.4. Decomposition Rates of Maize Straw Cellulose, Hemicellulose, and Lignin


The decomposition rate of maize straw cellulose, hemicellulose, and lignin for the different treatments is shown in Figure 5. With the extension of straw degradation time, the decomposition rate of cellulose and hemicellulose treated with different treatments was faster in the early stages (0–60 d) and slowed down gradually in the latter stage (60–240 d). On the contrary, compared to cellulose and hemicellulose, the decomposition rate of lignin was slow in the early stage (0–30 d) and relatively fast in the latter stage (30–240 d). Compared with lignin, hemicellulose and cellulose begin to be released and decompose faster since they are carbohydrates and are easier to degrade. However, the lignin structure is more complex and contains some components that are difficult to decompose, which increases the difficulty of microbial utilization, thus slowing down its release and decomposition rate. At 240 d, the decomposition rates of cellulose in the different treatments followed the order SO > SP > SC > S, which were 65.47%, 64.85%, 62.42%, and 54.93%, respectively. At 150 d, the hemicellulose degradation rate of each treatment was more than 80% of the total decay rate, and at 240 d, the hemicellulose decomposition rates of SO, SP, SC, and S were 60.47%, 58.85%, 56.57%, and 51.93%, respectively. After 30 days, the decomposition rate of lignin in each treatment was 11.83–18.24%. At the end of the experiment, the degradation rates of lignin followed the order SP > SO > SC > S, which were 54.85%, 52.47%, 51.57%, and 46.81%, respectively.




3.5. SEM Images of Maize Straw Surface Structure


The decomposition of maize straw at 0, 30, 90, and 150 d was analyzed and compared using scanning electron microscopy (SEM), as shown in Figure 6. The wax layer on the surface of undecomposed maize straw was smooth and dense, without holes, and the fiber bundles were extended and uniform. After 30 days of decomposition, the outer surface of the straw was decomposed, some tissues had fallen off, the regular and flat surface of the straw was destroyed, and the dense structure became loose. At 90 d, cracks appeared on the straw surface, showing uneven holes and faults, and some fiber structures had been destroyed and exposed. At 150 d, the structure of straw was seriously damaged, the large vascular bundles and other structures were decomposed completely, and the remaining tissues were highly lignified and some were difficult to decompose. The degree of damage of the maize straw with animal manure was stronger than that without manure, and the highest decomposition effect on structural changes of straw was observed in SP at all stages of the experiment.





4. Discussion


Although anaerobic digestion of animal manure or straw biomasses is a well-assessed practice with several reported benefits and advantages in present or previous literature [18,19], some short-term studies have reported that rice straw retention did not increase or have a negative effect on rice yield due to the quality of rice straw [20,21]. The main reason is that during the process of straw decomposition, the rice straw amendment cannot reconcile the requirements of nutrients between rice and soil microorganisms (especially the demand for N). Decomposition rate and nutrient release are influenced by the biochemical composition and the C/N of organic amendments [22,23]. The wide C/N of straw may lead to competition for N between the crop and soil microorganisms. However, mixing high-quality and low-quality organic amendments provides a better strategy to match nutrient demands of soil microorganisms and the crop during decomposition of organic amendments [23,24]. This changes the quality of organic C entering the soil, which can have a positive impact on soil nutrient availability, microbial activity, and turnover of soil organic matter (SOM) [25,26]. Animal manure usually has high moisture content and high density but a relatively narrow C/N. Compared with manure, straw has the opposite characteristics (low moisture content, low density, wide C/N); therefore, the combined application of animal manure with straw could be an applicable solution [27].



The rate of straw decomposition is related to its intrinsic conditions and external environment. Therefore, straw with different sizes, C/N ratio, composition, and surrounding environment leads to differences in straw decomposition rate [28,29]. In the present study, the decomposition rate of straw showed a trend of increasing rapidly in the first stages and then increasing slowly in the latter stages. This might be attributed to the rapid release of non-structural and easily decomposable substances such as soluble organic matter in the straw in the early stage of decomposition, while in the latter stage, the remaining parts are mainly organic matter that is difficult to decompose, resulting in slow decomposition [30]. In the whole process of decomposition, compared with S, the AM-S treatments significantly increased the decomposition rate of straw, and this was because the straw decomposition process requires the participation of microorganisms. Animal manure contains more carbohydrates, fatty acids, and other nutrients that support the soil microbial life/activities to provide a carbon source, to accelerate the straw decomposition process [31]. The straw decomposition rate of SC and SP treatments in each period was higher than that of other treatments, which might be because the C/N of chicken manure and pig manure was relatively narrow and easily decomposed by microorganisms, thereby creating more conducive conditions to support the growth of microorganisms [32]. In addition, the soluble matter in ox manure was less, while the lignin content and lignin/N ratio were high, making it difficult for it to be used by microorganisms, resulting in a slower straw decomposition rate.



The ratio of carbon to nitrogen is generally expressed as “C/N”. It refers to the ratio of the total content of carbon to the total content of nitrogen in organic matter. The proper ratio of carbon to nitrogen improves microbial fermentation. Straw decomposition processes are affected by straw quality and soil microbial community composition; moreover, soil pH, C/N ratio, N and P levels, and soil organic carbon (SOC) can affect microbial activities and then affect straw degradation [33,34]. Studies have shown that organic materials with a wide C/N ratio will decompose faster even when the lignin content of the organic material is small [35]. In this experiment, the lignin contents of chicken manure and pig manure were 3.21% and 5.09%, respectively, while the C/N ratios were 15.14 and 18.27 (Table 1), respectively. Therefore, pig manure was more prone to having a faster decomposition rate and providing sufficient nutrients for the microorganisms to accelerate straw decomposition.



The release of organic carbon from maize straw is controlled by its structure, intrinsic properties, environment (such as climate and soil conditions), and management measures [12]. A previous study reported that the average soil organic carbon (SOC) content significantly increased by 12.8–14.9% in the 0–15 cm soil layer after straw returning [36]. In this study, the release of carbon was rapid in the first stage and then slow in the latter stage, which was consistent with Chen’s study [37]. The carbon release rate of straws with animal manure was higher than that without animal manure, which may be because different animal manure provided different carbon sources for microorganisms, thus affecting the utilization rate of straws by microorganisms [38]. The carbon release rate of straw added with chicken manure was higher because the C/N ratio of chicken manure was relatively narrow, which could easily stimulate soil microbial activity and thus promote the carbon release from straw [39].



Maize straw is rich in nitrogen, phosphorus, potassium, and other nutrients that are released during decomposition [40]. Results from the global meta-analysis also indicated that soil available NPK (nitrogen, phosphorus, and potassium) contents were enhanced by 14.1%, 10.4%, and 17.8%, respectively, with the incorporation of straw [41]. Wei et al. [42] also indicated that after four years of straw incorporation, the available NPK of soil was improved by 9.1–30.5%, 9.8–69.5%, and 10.3–27.3%, respectively. As such, Yan et al. [43] indicated that the straw returned to the soil serves as a short-term source of P and K and a long-term source of N and C. In this study, the release rates of N, P, and K at the end of the experiment were 40.01–52.23%, 42.25–55.08%, and 93.25–96.56%, respectively (K > P > N), which was consistent with the study of Dai et al. [44]. The nutrient release rate of straw is affected by its intrinsic chemical properties. The potassium release rate in the straw was the highest, which might be because the content of potassium in the straw was relatively high, and most of the potassium existed in the water-soluble or ionic state, which dissolved easily, thereby increasing the release rate [45]. Usually, part of the phosphorus in the straw constituted the composition of the cell membrane, and the remaining 60% of the phosphorus in the straw existed in the ionic state. Thus, the phosphorus content was lower than that of potassium; hence, the release rate was slower than that of potassium. Most of the nitrogen in straw exists in the organic state, forming part of the composition of proteins, nucleic acids, chlorophyll, and other organic components in the cell. This increases the degree of cementation, making it difficult to decompose to release the nitrogen [46]. In this study, the release rate of N, P, and K was higher in the animal manure treatment than that without, which was consistent with the findings of Guan et al. [10]. The reason for this observation might be because animal manure contained nutrients, providing more substrates for the growth of microorganisms, increasing the abundance of the microbial community, and further accelerating the process of straw decomposition and the release of nutrients.



Lignin, hemicellulose, and cellulose are the important components of maize straw, and their decomposition is mainly affected by the corresponding microorganisms [47]. In this study, the decomposition rates of hemicellulose and cellulose in maize straw were similar to that of straw, indicating that the decomposition of cellulose and hemicellulose affected the decomposition process of straw. The decomposition rate of hemicellulose and cellulose was higher than that of lignin, which indicates that lignin is more difficult to decompose than hemicellulose and cellulose [48,49]. Cellulase is a kind of compound enzyme, which can degrade cellulose from straw, and its activity limits the decomposition rate of cellulose [50]. In this study, compared with S, straw combined with animal manure promoted the degradation of hemicellulose and cellulose, which might be due to the enhancement of soil cellulase and hemicellulase activities by animal manure. In the later stage, SO recorded the highest decomposition rate, and this was attributed to the fact that the ox is herbivorous, and its manure contained more hemicellulose, cellulose, and other easily decomposable substances that could be used as the selected medium in the soil to cultivate more hemicellulose and cellulose-degrading bacteria, culminating in the production of more corresponding enzymes. In this study, the combined application of animal manure and straw increased the decomposition rate of lignin, which may be due to the fact that animal manure increased the activity of soil microorganisms and enzymes, improved soil void structure, made it lose and ventilated, and improved the degradation degree [51].



Scanning electron microscopy (SEM) can directly reflect the damaging degree and surface structural properties of maize straw during decomposition [52]. Before decomposition, the organizational structure of maize straw was closely and neatly arranged; however, with the extension of decomposition time, the internal structure of maize straw was gradually loosened. The tissue structure of maize straw is mainly comprised of the epidermis, vascular bundle, basic tissue, and the phloem parenchyma cells, which destroy the vascular bundle to decompose the basic tissues. With the extension of sampling time, the surface voids of straw became larger and increased, which was due to the decomposition of cellulose, hemicellulose, and other carbohydrates, and the difficulty of lignin decomposition [53]. In this study, the structural changes in the treatments with the addition of animal manure were significantly higher than those without, indicating that the addition of animal manure could promote straw decomposition.




5. Conclusions


This study aimed to screen the effective animal fertilizer that can promote straw decomposition and provide a reference for the rational use of straw and animal fertilizer management. In our study, the co-application of animal manure and straw accelerated the decomposition of straw and promoted the release of nutrients and organic components (cellulose, hemicellulose, and lignin). Straw decomposition showed a trend of increasing rapidly at first and then increasing slowly in all treatments. SC and SP had higher carbon release rates and nutrient release rates, while SO and SP showed higher organic components release rates than treatments of SC and S. With the prolongation of degradation time, the structure of straw was gradually destroyed, the surface became rough, and the number of cavities increased. The damaging degree of the apparent structure of straw with the addition of animal manure was significantly greater than that without the addition. Moreover, pig manure combined with straw had the highest decomposition rate; therefore, we recommend the SP treatment as the most effective agronomic practice for enhancing the decomposition of maize straw in agroecosystems.
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Figure 1. Location of the study area. 
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Figure 2. Dynamic changes of the decomposition rate of maize straw (S, maize straw only; SO, maize straw plus ox manure; SC, maize straw plus chicken manure; SP, maize straw plus pig manure). Note: The different lowercase letters (a–d) among the different treatments indicate significance at p < 0.05. 
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Figure 3. Dynamic changes of the carbon release rate from maize straw (S, maize straw only; SO, maize straw plus ox manure; SC, maize straw plus chicken manure; SP, maize straw plus pig manure). Note: The different lowercase letters (a–d) among the different treatments indicate significance at p < 0.05. 
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Figure 4. Dynamic changes of the nutrient release rate from maize straw (S, maize straw only; SO, maize straw plus ox manure; SC, maize straw plus chicken manure; SP, maize straw plus pig manure). Note: The different lowercase letters (a–d) among the different treatments indicate significance at p < 0.05. 






Figure 4. Dynamic changes of the nutrient release rate from maize straw (S, maize straw only; SO, maize straw plus ox manure; SC, maize straw plus chicken manure; SP, maize straw plus pig manure). Note: The different lowercase letters (a–d) among the different treatments indicate significance at p < 0.05.



[image: Sustainability 13 07609 g004]







[image: Sustainability 13 07609 g005 550] 





Figure 5. Dynamic changes of cellulose, hemicellulose, and lignin decomposition rate of maize straw (S, maize straw only; SO, maize straw plus ox manure; SC, maize straw plus chicken manure; SP, maize straw plus pig manure). Note: The different lowercase letters (a–d) among the different treatments indicate significance at p < 0.05. 
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Figure 6. SEM images of maize straw surface structure (S, maize straw only; SO, maize straw plus ox manure; SC, maize straw plus chicken manure; SP, maize straw plus pig manure). 
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Table 1. Basic properties of the initial organic materials.
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	Property
	Maize Straw
	Ox Manure
	Chicken Manure
	Pig Manure





	Organic C (g/kg)
	423.05 ± 1.93 a
	308.15 ± 2.10 c
	238.61 ± 3.09 d
	313.54 ± 2.19 b



	Total N (g/kg)
	6.52 ± 0.46 d
	13.25 ± 0.64 c
	15.77 ± 0.58 b
	17.2 ± 1.01 a



	C/N
	65.11
	23.29
	15.14
	18.27



	Total P (g/kg)
	1.20 ± 0.06 d
	3.53 ± 0.09 c
	8.72 ± 0.07 a
	6.95 ± 0.1 b



	Total K (g/kg)
	12.31± 0.09 b
	8.24 ± 0.11 c
	14.09 ± 0.13 a
	8.16 ± 0.02 c



	Lignin (%)
	6.32 ± 0.2 b
	7.23 ± 0.11 a
	3.21 ± 0.24 d
	5.09 ± 0.31 c



	Cellulose (%)
	32.28 ± 0.64 a
	23.53 ± 1.4 b
	7.04 ± 0.18 d
	14.41 ± 0.24 c



	Hemicellulose (%)
	22.37 ± 1.1 a
	15.38 ± 0.46 b
	4.26 ± 0.12 d
	13.24 ± 0.3 c



	Polyphenol (%)
	0.87 ± 0.02 a
	0.73 ± 0.1 b
	0.68 ± 0.06 b
	0.69 ± 0.07 b



	Lignin/N
	9.71 ± 0.38 a
	5.47 ± 0.35 b
	2.04 ± 0.21 d
	2.97 ± 0.35 c



	Soluble substance (%)
	32 ± 1.15 d
	42.24 ± 0.51 b
	40.24 ± 0.29 c
	47.56 ± 0.5 a







Note: The different lowercase letters (a–d) among the different treatments indicate significance at p < 0.05. Data with the same lowercase letter within the same row do not differ significantly at the 5% level. Mean ± standard error.
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