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Abstract

:

Traditional methods to deal with thinning shreds (twigs, bark, etc.) include using them as fuelwood (artificially taken out of the forest) and stacking in situ natural decompositions (slow decomposition and nutrient return to the field). These methods will cause the loss of nutrients in the forest, and composting with additives can effectively promote nutrient circulation effectively. The purpose of our study was to explore the effects of composts of forest thinning shreds with different additives on soil and tree growth in semimature Pinus tabuliformis Carr. We selected four composts of forest thinning shreds (T1 adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P only; T4: raw material grinding of thinning shreds) and applied them in the volume of 900 g·m−2, which were made in the early stage. The soil nutrient content, microbial characteristics, and growing volume of Pinus tabuliformis were measured at 0.5, 1, and 1.5 years after fertilization. The soil became acid after one year of fertilization, having a great impact on the 0–20 cm soil layer. At 0.5 years of fertilization, the total nitrogen (TN) content of the soil with priming compost (T1) was 1.5 times higher than that of the control group (T5); the soil organic matter (SOM) was increased by 4.93–6.41 mg·kg−1. After one year of fertilization, the difference in the soil microbial carbon and nitrogen (MBC and MBN) content of each treatment decreased gradually. Soil sucrase activity was the highest after fertilization, and different composts had the greatest impact on urease activity in the 0–20 cm layer; the alkaline phosphatase (AKPase) activity of soil with common compost (T2) changed the most, and after 0.5 years of fertilization, the acid phosphatase (APase) activity of T1 in the two layers increased by 0.31 mg·g−1 and 0.1 mg·g−1, and the increase in of T2 was slightly lower than that of T1. There were significant differences in the number of bacteria, fungi, and actinomycetes compared to T1 and T2 with other treatments. T1 promoted the height growth (H) of trees three times higher than T5 and T2 promoted the growth of diameter at breast height (DBH) by 2.5 cm. The results showed that T1 and T2 had obvious effects on promoting soil nutrient content, microbial biomass accumulation, and forest growth, and the application of compost had no significant effect on promoting understory regeneration. The findings of this study show that using compost with priming can effectively increase the soil nutrient content, microbial activity, and quantity of Pinus tabuliformis effectively in terms of promoting the growth of trees and reducing the nutrient loss caused by thinning.
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1. Introduction


As an important forest management measure, thinning and fertilization can effectively improve forest soil fertility, forest quality, and ecological benefits [1]. Pinus tabuliformis Carr. has the characteristics of barren resistance and wind resistance. It is widely planted at an altitude of 100–2600 m in China and is an important afforestation tree species in northern China. Pinus tabuliformis needs appropriate fertilization in the container seedling and seedling stage to improve the survival rate and seedling quality [2]. After reaching the semimature stage, it requires tending and thinning to improve the stand volume and ecological benefits [3,4]. Thinning refers to the regular and repeated cutting of some trees in the immature forests (usually including twigs, non-trunks, leaves, and skins within the scope of the thinning plan, as well as shrubs and herbs under the forest) to create good environmental conditions for the retained trees and promote their growth and development. However, coniferous tree species such as Pinus tabuliformis and Platycladus orientalis (L.) Franco have low moisture and a high macromolecular content such as oil and lignocellulose [5,6], which are flammable and difficult to decompose; a large amount of organic waste produced after thinning is stacked in the forests, which can not only easily cause forest fires and pests, but is also very slow in natural decomposition; the nutrients cannot return to the soil in a short time and participate in the nutrient absorption and circulation of soil forests and result in soil nutrient loss [7], thus affecting the quality of the forest. Therefore, it is necessary to properly fertilize the semimature Pinus tabuliformis plantation after thinning in order to supplement the nutrients in the forest and deal with the thinning shreds effectively and harmlessly.



At present, the research on forest fertilization mainly focuses on container seedling and seedling fertilization [8,9,10], and only a few scholars have studied the fertilization of semimature plantations. The results of a study in the southeastern plain of the United States showed that the semimature loblolly pine plantation had an obvious response to the combination of nitrogen and phosphorus fertilizer [11]. Since the 1960s, China has systematically studied the amount, proportion, time, and mode of fertilization suitable for Pinus tabuliformis systematically, as well as discussing the effects of different fertilization combinations on the growth of Pinus tabuliformis [12,13]. The data showed that the aboveground growth and nitrogen load of Pinus tabuliformis seedlings increased with the increase in fertilization [14]; under a high fertilizer level, the seedling height, ground diameter, and single plant biomass of annual Pinus tabuliformis seedlings reached 1.4, 1.2, and 1.7 times the low fertilizer level, respectively [15]; an eight-year-old Pinus tabuliformis plantation with urea and compound fertilizer grew significantly in the first year, while Pinus tabuliformis with chicken manure (i.e., organic fertilizer) grew significantly in the second year [16]. However, there are few reports on the response of the semimature Pinus tabuliformis forest to fertilization after thinning, which needs to be studied and supplemented.



Referring to the reuse of green waste, vegetable, and crop organic waste [17,18], composting is considered to be an effective way to treat organic waste, that is, organic waste is transformed into stable, harmless, and nutritious organic fertilizer by microbial fermentation through the artificial control of water, C/N ratio, ventilation, and other conditions [19]. The results showed that the application of compost had a significant effect on improving soil nutrient content and increasing crop yield: after the application of pig manure compost in a wheat field, the indexes of soil total carbon (TC) and total nitrogen (TN) were significantly higher than those in the control treatment (p < 0.05) [20]; the compost made from green waste was widely used as the substrate for grass and flower planting [21]; and after applying compost made from wheat and rice waste, the biomass of pepper and tomato increased by approximately 25% and the yield increased by approximately 75% [22]. In contrast, the application of compost in forestry mostly focuses on improving the matrix formula of container seedlings [23] and the fertilization of forest seedlings [24]. Some scholars used Vitex trifolia and cow dung as raw materials to make compost, finding that it promoted the leaf area growth of young Pinus tabuliformis needles [25], improved the quality of Pinus tabuliformis and Platycladus orientalis seedlings, and improved the content of soil nutrients [26]. At present, there are no reports on the application of compost made from forest thinning shreds applied to the semimature Pinus tabuliformis artificial forest after thinning.



In this paper, different types of compost were made in the forest with the semimature Pinus tabuliformis and Platycladus orientalis thinned shreds as raw materials, and then the compost was applied back to the forest. In the 1.5-year growth cycle of Pinus tabuliformis, the fertilizer effects of different types of forest thinning compost in the semimature Pinus tabuliformis plantation was discussed from the perspectives of soil nutrients, soil microorganisms, tree growth, and understory regeneration. This paper aims to reduce the nutrient loss in the forest after thinning and effectively deal with a large amount of organic waste by thinning in order to promote the nutrient cycle in the forest.




2. Materials and Methods


2.1. Study Site Description


Our study was conducted at the Beitaishang state forest farm, Huairou District, Beijing, China (Figure 1) (116°70′ E, 40°39′ N), where the mean elevation is 91 m a.s.l. This area is a typical warm temperate humid monsoon climate, with hot and rainy summers, cold and dry winters, and short spring and autumn seasons. The average temperature of a year ranges from 7 °C to 19 °C, and the mean precipitation of a year is 600 to 700 mm; the frost-free period of the whole year is 180 to 200 days, and 80% of the annual precipitation is concentrated in June to August in the summer. The soil types are brown forest soil loamy and sandy soil, with a soil thickness of 30 cm. The dominant tree species are the evergreen conifer Pinus tabuliformis with an age from 20 to 30 years and semimature Platycladus orientalis, which are both widely distributed in north China. The associated tree species are a few Ailanthus altissima (Mill.) Swingle, and Vitex negundo Linn. var. heterophylla (Franch.) Rehd is the main shrub species. From April to October 2014, thinning measures were implemented for 806,000 m3 of forest in the Beitaishang state forest farm, with a thinning intensity of 15–18%, resulting in thinning shreds of approximately 45 t.




2.2. Experimental and Fertilization


From April to September 2015, the thinning shreds of Pinus tabuliformis and Platycladus orientalis were used as raw materials and crushed into 6 cm (grinder with BC 600XL, VERMEER, Pella, IA, USA). The moisture of compost raw materials was adjusted to 70%, and urea (Shanghai chaoxuan Chemical Technology Co., Ltd., Shanghai, China) and diamine (64% Total nutrient, 18% N, 20% P, Shanghai Chaoxuan Chemical Technology Co., Ltd., Shanghai, China) were added to adjust the C/N to 40 and C/P to 100 (Table 1). According to whether the raw materials were adjusted by C, N, or P, and the additives used, four fertilizers were composted in situ as four different fertilization types in this study (Table 2); together with the control group (CK), 5 types of fertilization were formed:




	
T1: The compost materials C/N and C/P were adjusted, and 0.2% priming was added. The priming (Bioferment) was provided by Beijing Goldenway Bio-tech Co., Ltd. Beijing, China.



	
T2: The compost materials C/N and C/P were adjusted, and 0.2% common compost was added. The common compost was made of Vitex negundo and cow dung using the traditional composting method.



	
T3: Only the raw materials C/N and C/P, were adjusted, without any additives.



	
T4: Raw material grinding of thinning shreds, without any adjustments and additives.



	
T5: (CK, short for control check): control group, no fertilization.
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Table 1. Characteristics of thinning shreds.






Table 1. Characteristics of thinning shreds.





	Thinning Shreds
	Moisture (%)
	C/N
	C/P
	Total Nutrient

(TN 2 + K2O + P2O5, %)





	After adjustment 1
	70
	40:1
	100:1
	3.5







Note: 1 The after adjustment represents the data changes in compost raw materials, C/N, and C/P, after being crushed and adjusted for moisture; 2 TN represents total nitrogen.
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Table 2. Characteristics of different composts.






Table 2. Characteristics of different composts.





	Composts 1
	Moisture Content (%)
	pH
	Organic Matter

(%)
	Total Nutrient

(TN 2 + K2O + P2O5, %)
	C/N
	GI3

(%)





	T1
	6 ± 0.78
	7.5 ± 0.07
	52 ± 0.98
	5.8 ± 0.27
	23 ± 0.16
	69 ± 1.93



	T2
	8 ± 0.24
	7.4 ± 0.06
	44 ± 0.13
	5.4 ± 0.08
	25 ± 0.21
	81 ± 2.33



	T3
	7 ± 0.49
	6.7 ± 0.06
	40 ± 0.98
	4.7 ± 0.16
	22 ± 0.68
	65 ± 6.82



	T4
	5 ± 0.15
	5.9 ± 0.25
	30 ± 0.55
	3.1 ± 0.22
	37 ± 1.82
	77 ± 7.93







Note: 1 T1 adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; 2 TN represents total nitrogen; 3 GI represents Germination Index. Data are means ± standard error, n = 12.











One 24 m × 25 m study plot was established in September 2015, which took place in latitude 40°23′3″ N, longitude 116°39′9″ E, elevation 92 m a.s.l., and azimuth 88° east by south. The study area was 600 m2 and divided into 15 blocks of the same size (Figure 2). There were 54 Pinus tabuliformis in total, with the mean H (average height) of 9.2 m, the mean DBH (average diameter at breast height) of 15.4 cm, and the mean CD (average crown diameter) of 3.1 m × 3.2 m.



T1–T5 was distributed in the 15 blocks randomly, and each treatment was repeated 3 times in the plot (Figure 2). From September, fertilizer was applied to the soil surface in the plot. The volume of the fertilization was 900 g·m−2, and the fertilization method was circular application (within 0.5 m of trunk radius), except for T5 (CK) without any fertilization.




2.3. Data Collection


According to the 1.5-year growth cycle, soil samples were collected in October 2015, April 2016, October 2016, and April 2017. Soil samples were collected from 0–20 cm and 20–40 cm soil layers for the mix. One was dried and screened to determine the soil nutrient content and enzyme activity. The other was stored at 4 °C to determine the number of microorganisms in the soil. Tree growth data were collected in four time periods in the forest. In addition, the regeneration of small trees and shrubs under the forest was investigated in October 2016 and April 2017.




2.4. Measurements of Soil Nutrients


The soil pH value, total nitrogen (TN), available phosphorus (AP), available potassium (AK), and organic matter (SOM) were selected for soil nutrient analysis. The pH value was measured using a pH meter (FE28, METTLER TOLEDO, Zurich, Switzerland), and organic matter was measured using H2SO4-K2CrO4 with external heating [27]. H2SO4-H2O2 digestion was applied to TN, AP, and AK, and then they were measured using a Kjeldahl nitrogen meter (KDN04A, DECCA, Shenzhen, China), spectrophotometry (UV-5600, FUP, Shanghai, China), and a flame photometric method (TT5D, FUP, Shanghai, China) [27].




2.5. Measurements of Soil Microorganisms


Soil microbial biomass carbon (MBC) and nitrogen (MBN); urease; invertase; acid–base phosphatase (AKPase and APase) activities; and the number of fungi, bacteria, and actinomycetes were selected. MBC and MBN were measured using a chloroform fumigation extraction (CFE) method with 0.5 mol·L−1 K2SO4 as an extractant [28,29]; after thawing and filtering the extract, it was directly measured using the TOC analyzer (Multi N/C 3000, Jena, Germany). Microbial biomass carbon (MBC) = EC/KC, and EC represents the difference between the leached organic carbon of non-fumigated and fumigated control soil; KC is the conversion coefficient, and the value is 0.38. Microbial biomass nitrogen (MBN) = EN/KN, and EN is the difference between fumigated and non-fumigated control soil mineral nitrogen; KN is the conversion coefficient, with a value of 0.45.



Soil urease activity was measured using C6H5ONa-NaClO colorimetry, invertase activity was measured using 3,5-dinitrosalicylic acid (DNS) colorimetry, and the activities of AKPase and APase were measured using p-nitrophenyl phosphate (pNPP) colorimetry [30,31]. Goshi No.1 agar medium, Martin’s medium, and beef extract peptone agar were selected as the culture media for actinomycetes, fungi, and bacteria, respectively. The number of soil microorganisms was measured using the gradient dilution method [32]. Three repeats were set for each sample.




2.6. Measurements of Tree Growth


The height (H), diameter at breast height (DBH), and crown width of each Pinus tabuliformis in plots were measured in four periods. The individual volume (1) and unit area volume (2) of Pinus tabuliformis were calculated according to the standard “LY1353–1999” issued by the Ministry of Agriculture of the People’s Republic of China. The name, number, height, base diameter, and coverage of new trees and shrubs in the Pinus tabuliformis the forest were recorded in two periods, and typical regeneration plants were selected for photo preservation.


Individual volume (m3) = 0.00066492455 × D1.8655617 × H0.93768879



(1)






Unit area volume (m3·hm−2) = Individual volume × Number of plants × Plot area



(2)








2.7. Data Analysis


All data means and standard deviations of variables per plot were calculated in Microsoft Excel (2016 version, Microsoft Corporation, Redmond, WA, USA). Three one-way ANOVAs were used to determine in SPSS 20.0 (SPSS 20.0, Shanghai, China) for the analysis, and differences between means were assessed at the level of 0.05 by Duncan’s multiple comparison tests to obtain the following:




	
The significant differences among the soil nutrient contents in the 0–20 cm soil layer in four periods under five fertilization types;



	
The significant differences among the soil nutrient contents in the 20–40 cm soil layer in four periods under five fertilization types;



	
The interaction of fertilization type and soil layer on soil nutrient content;



	
The significant differences among soil microbial contents in the 0–20 cm soil layer in four periods under five fertilization types;



	
The significant differences among soil microbial contents in the 20–40 cm soil layer in four periods under five fertilization types;



	
The interaction between fertilization type and soil layer in soil microbial content;



	
The significant differences in tree growth and volume in four periods under five fertilization types.










3. Results


3.1. Differences in Soil Nutrient Contents


3.1.1. Soil pH, AP, and AK


The pH value of the two soil layers experienced a process from acid to weak acid (Figure 3a) within the ranges of the two layers, 0.28–0.55 and 0.20–0.46, respectively. T1 had a higher pH than other treatments, and the lowest pH value (5.13 and 5.38) was found one year after fertilization both at 0–20 cm and 20–40 cm.



The AP content in different soil layers of each treatment was found to be significant at the 0.05 level. Compared with T5, the AP content of T1 increased by 47.2 mg·kg−1 after half a year of fertilization, and T2 by 50.4 mg·kg−1 in the 0–20 cm soil layer (Figure 3(b1)). In the 20–40 cm layer, T1 and T2 increased by 20.4 mg·kg−1 and 25.1 mg·kg−1 compared with T5, respectively (Figure 3(b2)).



There was no significant difference in AK content between T2 and T3, or T4 and T5 (Figure 3c). In the 0–20 cm soil layer, the AK value of T2 had a small amplitude and high content in the whole period, while T1 was stable in the 20–40 cm layer. After 1.5 years of fertilization, the AK content in the 0–20 cm soil layer from high to low was T1 > T2 > T4 > T5 > T3.



On the basis of our model, the soil pH, AP, and AK were significantly affected by fertilizer. The best result was found for the fertilizer T2, the soil layer showed the role with the largest increase in soil AP, and there was an interaction between the soil layer and fertilizer.




3.1.2. Soil TN and SOM


After half a year of fertilization, the TN content in the 0–20 cm soil layer of T1 was 1.5 times higher than that of T5, and that of the 20–40 cm soil layer was 1.4 times higher than that of T5 (Figure 4a). After 1.5 years of fertilization, the difference in the soil TN content in different soil layers gradually decreased, and there was no significant difference.



The changing trend of SOM content in all treatments was similar, and the content of SOM in T1 was the highest (Figure 4b). SOM content in the 20–40 cm soil layer of T1 and T2 was not significant after half a year of fertilization (Figure 4(b2)). Compared with the initial value, SOM values of the 0–20 cm layer of T1 and T2 increased by 4.93 g·kg−1 and 3.13 g·kg−1 after 1.5 years of fertilization, respectively (Figure 4(b1)). At the same time, the soil SOM of T3–T5 decreased to lower than the initial value. In the 20–40 cm layer, T1–T3 increased by 6.41 g·kg−1, 4.22 g·kg−1, and 0.41 g·kg−1 after 1.5 years, respectively, while T4 and T5 increased negatively.



On the basis of our model, the soil TN and SOM were significantly affected by fertilizer. The best result was found for the fertilizer T1, where the soil layer showed the role with the largest increase in SOM and there was an interaction between the soil layer and fertilizer.




3.1.3. Interaction of Fertilization Type and Soil Layer on Soil Nutrient Content


The interaction of different fertilization types and different soil layers on soil pH was not significant within 1 year of fertilization and reached a very significant level (0.01) at 1.5 years of fertilization; the interaction between them showed no significant difference in the accumulation of soil TN in the whole fertilization cycle (Table 3). The interaction between the fertilization type and soil layer showed a significant difference in soil AP content (0.01), while the difference in the soil AK content was only significant after one year of fertilization (0.05). At 0.5 years of fertilization, the accumulation of SOM content reached a highly significant level under the interaction of fertilization type and soil layer.





3.2. Differences in Soil Microbial Activity and Contents


3.2.1. Soil Microbial Biomass Carbon and Nitrogen


The soil MBC of T1 and T2 decreased rapidly after one-year fertilization, while T3–T5 had a small amplitude. After half a year of fertilization, the MBC content of T1 was 1.4 times higher than that of T5 in the 0–20 cm soil layer, and the MBC content of T2 was only 275.88 mg·kg−1 (Figure 5(a1)). After 1.5 years of fertilization, the MBC content of T1 was two times higher than that of T5, and T2 was 2.7 times higher than that of T4 in the 20–40 cm layer (Figure 5(a2)).



There was no significant difference in soil MBN content between T3 and T5. The content of MBN in T1 was higher than that in T2 in the 0–20 cm layer and similar in the 20–40 cm layer (Figure 5b). After 1.5 years of fertilization, there was no significant difference in T1–T5, and the order of treatments was T1 > T2 > T3 > T4 > T5.



On the basis of our model, the soil MBC and MBN were significantly affected by fertilizer. The best result was found for fertilizer T1, where the soil layer showed the largest increase in soil MBC, and there was an interaction between the soil layer and fertilizer.




3.2.2. Soil Urease and Invertase Activities


Soil urease was negatively correlated with composts in the 0–20 cm layer; however, the application of compost had no response to soil urease activity in the 20–40 cm layer. The difference range of T1 and T5 in urease was 0.71–1.98 mg·kg−1, and that of T2 and T5 was 0.39–1.55 mg·kg−1 (Figure 6(a1)). The coefficient of correlation was not found to be significant between T1 and T2 in the 20–40 cm layer.



In the 0–20 cm soil layer (Figure 6(b1)), the soil invertase activity of T2 was more stable than that of T1. There was no significant difference in T3–T5. In the 20–40 cm soil layer (Figure 6(b2)), the difference between T2 to T5 was not significant. The invertase activity of T1 was the highest after 1.5 years of fertilization, and the order of treatments was T1 > T2 > T4 > T3 > T5 (Figure 6(b1)).



On the basis of our model, the soil urease and invertase were significantly affected by fertilizer, with the best result for the fertilizer T1.




3.2.3. Soil Phosphatase Activities


The changing trend of AKPase activity of T1–T5 in the 0–20 cm and 20–40 cm soil layers was similar. Compared with 1 year after fertilization (Figure 7a), the AKPase activity of T1 and T2 increased slightly after 1.5 years of fertilization, and T2 showed the largest change. There was no significant difference between T4 and T5, and the changing trend of T3 was stable relatively.



After half a year of fertilization, the APase activity of T1 in the 0–20 cm soil layer was increased by 0.31 mg·kg−1, in the 20–40 cm layer by 0.1 mg·kg−1, and T2 in two soil layers was increased by 0.28 mg·kg−1 and 0.07 mg·kg−1, respectively (Figure 7b). There was no significant difference in APase activity between T3 and T5.



On the basis of our model, the soil AKPase and APase were significantly affected by fertilizer. The best result was found for fertilizer T1, where the soil layer showed the largest increase in soil APase, and there was an interaction between the soil layer and fertilizer.




3.2.4. Quantity of Soil Microorganisms


The T1 had a higher quantity of fungi than other treatments (Figure 8a). With the increase in application time, the number of fungi in T3 decreased in the 0–20 cm soil layer rapidly and varied from 1.222 to 2.445 (104, CFU·g−1) in the 20–40 cm layer. After 1.5 years of fertilization, the number of fungi in T1 was 2.2 times higher than that in T3 in the 0–20 cm soil layer and was 2.8 times higher than that of T5 in the 20–40 cm layer (Figure 8a). The number of fungi in T3–T5 was lower than that before fertilization.



The number of bacteria in the soil after composting was the highest, and the change in the bacteria number was obvious in the 20–40 cm soil layer (Figure 8b). After 1.5 years of fertilization, the soil bacterial content of T1–T5 was close to that before fertilization, among which the T1 content was the highest, with the quantity of 50.261 (105, CFU·g−1), 70.435 (105, CFU·g−1), 65.208 (105, CFU·g−1), and 53.461 (105, CFU·g−1), respectively, in the 0–20 cm soil layer.



In the 0–20 cm soil layer (Figure 8(c1)), T1–T4 had the longest quantity of actinomycetes, and the maximum values were 4.773 (105, CFU·g−1), 4.251 (105, CFU·g−1), 1.9 (105, CFU·g−1), and 1.3 (105, CFU·g−1), respectively, and the order of treatments was T2 > T1 > T4 > T5 > T3 (Figure 8(c1)). In the 20–40 cm layer (Figure 8(c2)), the number of actinomycetes in T1 varied between 3.453 (105, CFU·g−1) and 15.578 (105, CFU·g−1), and T3 decreased most rapidly.



On the basis of our model, the soil fungi, bacteria, and actinomycetes were significantly affected by fertilizer. The best result was found for fertilizer T1, where the soil layer showed the largest increase in soil bacteria and there was an interaction between the soil layer and fertilizer.




3.2.5. Interaction between Fertilization Type and Soil Layer on Soil Microbial Content


In the 1.5-year fertilization cycle, the interaction of different fertilization types and different soil layers had a significant effect on the accumulation of soil microbial biomass (Table 4). There was always a very significant difference in the amount of soil MBC, urease, sucrase, acid phosphatase, and bacteria (0.01). The difference of their interaction in the accumulation of soil MBN, alkaline phosphatase, and actinomycetes decreased with the increase in fertilization time, from 0.5 years of fertilization (0.01) to 1.5 years of fertilization; the difference in the accumulation of soil fungi gradually increased, reached a very significant difference at the time of fertilization for 1 year, and then remained until 1.5 years.





3.3. Differences in Growth of Pinus tabuliformis


3.3.1. High Growth of Trees


After 1.5 years of fertilization, the difference in the means of tree height growth gradually became significant (Table 5). The difference between T1 and T5 was found to be significant at the 0.01 level, and the difference between T2 and T5 was found to be significant at the 0.05 level. The increment in T1–T4 in the mean tree height was 3 times, 2.5 times, 1.5 times, and 1.5 times higher than that of T5 after 1.5 years of fertilization, respectively. The mean DBH increments in T1–T5 was 1.7 cm, 2.5 cm, 1.0 cm, 1.5 cm, and 1.5 cm, respectively (Table 5). At 0.5 years of fertilization, composts had the greatest impact on the mean growth of tree crowns, and there were obvious differences between the two directions.




3.3.2. Volume of Pinus tabuliformis


The growth of the individual volume of T1 was significantly higher than that of other treatments. After 1.5 years of fertilization, the increment in the individual volume of T1 was five times higher than that of T5; that of T2–T4 was 4.6 times, 2.5 times, and 3.5 times higher than that of T5, respectively, and the order of treatments was T1 > T2 > T3 > T4 > T5 (Figure 9a). The volume per unit area of T2 increased faster than in other treatments. In terms of the volume growth per unit area, T1 increased by 3.6 m3·hm−2; T2 increased by 5.0 m3·hm−2; T3 and T4 increased by 3.2 m3·hm−2, and 1.8 m3·hm−2, respectively; and the order of treatments was T3 > T2 > T1 > T5 > T4 (Figure 9b).




3.3.3. Regeneration of Pinus tabuliformis


After one year of fertilization, the regeneration in T1–T5 was dominated by broad-leaved trees such as Quercus mongolica and Ailanthus altissima (Table 6). After 1.5 years of fertilization, the species and quantity of regeneration plants under Platycladus orientalis in T1–T4 increased significantly and was mainly composed of Quercus mongolica and Vitex negundo; 102 Vitex negundo were newly born in total. The base diameter and coverage increased steadily in T1–T5.






4. Discussion


4.1. Effects of Four Composts of Forest Thinning Shreds on Soil Nutrients


Soil fertility directly affects the growth and development of trees, thus affecting the quality of forests. In the 1.5-year fertilization cycle, with time, the soil pH showed a trend of first decreasing and then increasing, which is consistent with the previous research results [33]. Within one year of fertilization, the soil of each fertilization treatment was continuously acidified and gradually became weak acid in 1–1.5 years. This may be because, in the early stage of fertilization, thinning shreds compost continues to release nitrogen into the soil, resulting in soil acidification; in the late stage of fertilization, with the release of base ions in thinning shreds compost, soil base saturation changes and the pH increases [34]. In the 0–20 cm soil layer, the acidification degree of thinning shreds compost (T1 and T2) containing two additives was less than that of other composted soils; in the 20–40 cm soil layer, the pH of the soil treated with thinning shreds compost with priming (T1) was the weakest. This is because the ability of additive compost to release nutrients is more stable and sustainable, and T1 and T2 had little effect on soil pH after reverse application to forest land.



Within one year after fertilization, TN and SOM in the 0–20 cm soil layer and 20–40 cm soil layers of T1, T2, and T3 were higher than the national average level (1.06 and 19.17 g·kg−1) [35]; even in 1.5 years of fertilization, the SOM of T1 and T2 in the two soil layers was still higher than the national average. Fertilization can increase SOM by promoting the formation of aggregates larger than 2 mm in the soil [34] and can also cause an “excitation effect” to change the turnover rate of nutrients in the soil and increase the storage of soil nutrients in the Pinus tabuliformis plantation after thinning. Exogenous nutrients (natural decomposition of litter, artificial fertilization, etc.) and the weathering of rocks are the main sources of available nutrients in soil [36]. Nutrients released from thinning shreds of compost can quickly supplement phosphorus and potassium in the soil, and the contents of AP and AK are mainly affected by the decomposition rate of compost. The compost with two additives decomposes rapidly under the action of microorganisms, and the slow-release capacity can be maintained for at least 1.5 years, which greatly alleviates the nutrient loss caused by thinning.



With the increase in the soil layer, the contents of TN, AP, AK, and SOM in the soil of the Pinus tabuliformis plantation decreased, which was consistent with other research results [37]. Within 0.5 years of fertilization, the soil nutrient content of T1–T4 accumulated rapidly and reached its peak; from 0.5 years, the soil nutrients of each treatment decreased gradually, and the decreases in T1 and T2 were the smallest, indicating that the nutrient release ability of the thinning shreds compost with additives was better than that of other composts, and the composting effect with priming agent was the best. Within 1.5 years of fertilization, most of the soil nutrient contents of T1, T2, and T3 were higher than that of T5. Thinning shreds of compost enhanced the soil fertility retention ability of the Pinus tabuliformis plantation after thinning. Comparing the two soil layers, the nutrient content of the 0–20 cm soil layer was higher than that of the 20–40 cm soil layer. This is because there is less litter in the Pinus tabuliformis forest and the forest surface cover is thin, so the soil surface temperature is high, the water content is low [38], and the micro-living activities of the lower soil are weakened. In addition, C and N are apparent [39], the adsorption of P by soil is strong, the mineralization of deep soil is blocked, and the downward migration of various components in the soil is reduced.



On the basis of our model, the soil nutrient content was significantly affected by fertilizer. The best result was found for fertilizers T1 and T2, where the soil layer showed the largest increase in soil AP and SOM, and there was an interaction between the soil layer and fertilizer.




4.2. Effects of Four Composts of Forest Thinning Shreds on Soil Microbial Biomass Accumulation


Soil microbial biomass carbon (MBC) accounts for only 1~3% of soil organic carbon, but it is a key link in the material cycle and energy flow of the forest ecosystem [40]. Within 0.5 years after fertilization, MBC and MBN in the two soil layers of each fertilization treatment continued to increase, and the contents of T1 and T2 were significantly better than those of T3–T5 in 0.5 years. It can be seen that compost provides sufficient nutrition and energy for the survival and reproduction of forest soil microorganisms in order to increase the soil microbial biomass [41]. Among them, the effect of priming catalyzing the transformation of steady-state nutrients into available nutrients in thinning shreds compost is significantly better than that of other composts. From 0.5 to 1.5 years of fertilization, MBN content decreased rapidly. There was no significant difference in MBN content between the two soil layers after 1.5 years of fertilization, which was mainly due to the high mineralization rate and leaching of forest soil nitrogen [42].



Soil enzymes are involved in catalyzing a series of biochemical reactions in the soil and transforming organic matter into nutrients available to plants [43]. After thinning, the soil nutrient content and enzyme activity will decline to a certain extent, and the forest soil will show a declining trend [33]. In this study, the number of main soil enzymes increased significantly when the composts of different kinds of thinning shreds were applied to the thinning Pinus tabuliformis soil, especially the composts with two additives. Soil microbial activity and biomass accumulation were affected by soil temperature. The soil temperature decreases with the deepening of the soil layer [44]. On the whole, compared with the topsoil, the enzyme activity of the 20–40 cm soil layer barely changed after fertilization, and only the thinning shreds compost with priming showed significant differences in different enzyme activities. This shows that soil enzyme activity has the same surface aggregation effect as soil nutrients, and urease activity in shallow soil is higher, which is consistent with previous studies [45,46]. Studies have shown that urease activity may be affected by organic matter content [47], and soil sucrase is closely related to soil organic matter metabolism and nitrogen and phosphorus content [48]. The activities of urease and sucrase decreased gradually from 0.5 years after the thinning compost was applied to the soil of the thinning Pinus tabuliformis plantation. This was due to the natural loss of nutrients in thinning shreds of compost absorbed by trees, coupled with the slow natural decomposition rate of thinning compost and the reduction in carbon sources in soil. In this study, the phosphatase activity of T1 and T2 treatments fluctuated in a small range in the late stage of fertilization, with a rising trend. This may be because the additives promote the growth and reproduction of soil microorganisms, increase the demand for phosphorus, and are more suitable for the growth of phosphatase activity with the increase in soil pH.



The number of culturable microorganisms in soil can directly reflect the microecological effect of soil [49]. The results show that with the increase in soil depth, the number of bacteria, actinomycetes, and fungi decreases, which is consistent with the research results of scholars [50]. However, some studies have shown that the number of bacteria and actinomycetes increases with the deepening of the soil layer, while the number of fungi decreases [51]. The reason for this difference may be that the types and quantities of exogenous nutrients (litter, fertilizer, etc.) are different, and the nutrients and environment that can be provided for microorganisms are also different. In general, the number of bacteria in the thinning Pinus tabuliformis plantation increased the most after applying thinning shreds compost; the increment in soil microbial biomass in T1 was the largest among the composts of different thinning shreds. This may have been because in several different types of compost, the priming, as an additive, provides the most nutrients for composting; at the same time, the T1 treatment has a high moisture content and low toxicity (Table 2), which provides a relatively suitable environment for soil microorganisms. Some scholars have proven that additives can change the symbiotic mode of the bacterial community, and the key bacterial groups with a strong ability to degrade carbon sources are related to the increase in cellulase and urease activities [52]. The specific differences in the environment provided by the composting of different thinning shreds for soil microorganisms and the changes in different soil layers need to be further studied.



On the basis of our model, the soil microbial biomass accumulation was significantly affected by fertilizer. The best result was found for fertilizer T1; the soil layer showed the largest increase in soil MBC, APase, and bacteria; and there was an interaction between the soil layer and fertilizer.




4.3. Effects of Four Composts of Forest Thinning Shreds in the Growth of Pinus tabuliformis


The DBH, height, and volume of the tree layer are important indexes to evaluate the environmental benefits of the stand. In this study, after applying different types of thinning shreds compost, the growth indexes such as tree height, DBH, and crown width of the semimature Pinus tabuliformis plantation after thinning had no significant difference within 0.5 years. At this time, the thinning shreds compost is still slowly decomposing and releasing nutrients, and the absorption and utilization of nutrients in thinning shreds compost by Pinus tabuliformis is still very limited. Some scholars have found that the medium nitrogen level (10 nmol·L−1) is the most favorable for the height growth of Pinus tabuliformis, and the high nitrogen level (20 nmol·L−1) is the most favorable for the thickening of basal diameter [10]. From 0.5 years after fertilization, the crown width first showed differences in the growth cycle, and the tree height and DBH gradually showed significant differences after 1 year of fertilization. The results showed that in the early stage of fertilization, due to the top advantage, the crown width grew first, while the carbon and nitrogen released by thinning shreds compost as a carbon source and nitrogen sources were not enough; with the continuous decomposition of thinning shreds compost in the soil, the microbial activity increased, the accumulated nitrogen in the soil increased, and the tree height growth and stem growth began to respond. In this study, compared with other nutrient contents, the content of soil SOM and TN decreased less within 0.5–1.5 years after fertilization, which can also be used as evidence.



Stand volume is a comprehensive reflection of stand average DBH and average tree height [53]. After fertilization, the volume per plant and stand volume of the thinning Pinus tabuliformis plantation showed a continuous growth trend, and the volume per plant gradually showed a difference between T1–T4 and T5 from the first 0.5 years. This shows that on the basis of the better growth environment of the Pinus tabuliformis forest brought about by the initial thinning measures, the thinning shreds compost continuously and slowly release nutrients, which continues the forest growth caused by external stimulation to a certain extent. Witnin 1.5 years of fertilization, there was a significant difference between the thinning compost with two additives and no fertilization. It can be seen that the compost with additives has a continuously positive impact on the single plant volume and stand volume of Pinus tabuliformis forest for at least 1.5 years. Reasonable forest thinning can not only improve the average DBH, tree height, and single tree volume of the stand but also promote regeneration under the forest [54]. This is beneficial for soil fertility and enzyme activity to rely on natural regeneration after the clear-cutting of the Pinus tabuliformis plantation [33]. In this study, by comparing the vegetation renewal status in the sample plot when fertilizing for 1 year and 1.5 years, it was found that there was no significant difference in the number, species, average height, average base diameter, and coverage of the regenerated vegetation under the Pinus tabuliformis forest upon applying different kinds of thinning shreds compost (T1–T4), and the renewal situation of the treatment without fertilization (T5) was better than that of fertilization within 1.5 years. This may have been because the amount of fertilizer used in this study was too large for understory shrubs, grasses, and seedlings, and the nutrient concentration released by thinning compost during the fertilizer effect period will inhibit understory regeneration.



On the basis of our model, the growth of Pinus tabuliformis was significantly affected by fertilizer, with the best result for the fertilizers T1 and T2. Among them, T1 can significantly promote the growth of tree height, and T2 can promote the growth of tree DBH.





5. Conclusions


In this study, forest thinning shreds were used as raw materials to make different types of thinning shreds compost in the forest, and then they were applied to the thinning semimature Pinus tabuliformis plantation in the same amount; in the growth cycle of 1.5 years, from the depths of 0–20 cm and 20–40 cm, the differences in soil nutrient content, soil microbial biomass carbon and nitrogen content, soil enzyme activity, soil microbial quantity, forest growth, single plant volume, and stand volume, as well as understory regeneration were discussed in order to verify the fertilizer effect of compost of different forest thinning shreds.



The main conclusions are as follows: (1) The change trends of soil nutrient content, soil enzyme activity, and soil microbial biomass were similar after the reverse application of thinning shreds compost to Pinus tabuliformis forest land. It increased rapidly within 0.5 years after fertilization, and gradually decreased from 0.5 years, and the trend of soil pH was the opposite. (2) All indexes of the 0–20 cm soil layer of the Pinus tabuliformis the forest were greater than those of the 20–40 cm soil layer. (3) The compost of each thinning shreds first promoted the growth of the Pinus tabuliformis canopy after the reverse application of forest land and significantly promoted the growth of tree height and DBH in the later stage. (4) The effect of thinning shreds compost on the stand volume of Pinus tabuliformis was greater than that on single tree volume. (5) It was not found that thinning shreds compost had a positive effect on the understory regeneration of the thinning semimature Pinus tabuliformis plantation. In general, the fertilizer effect of thinning shreds compost with priming was the best for the thinning semimature Pinus tabuliformis plantation.
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Figure 1. Location of Beitaishang state forest farm, Huairou District, Beijing, China. 
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Figure 2. Sample plots showing setting and fertilization type distribution. T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. The volume of fertilizer applied was 900 g·m−2. 
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Figure 3. Soil pH, AP, and AK in four periods under five fertilization types. Data are the mean content ± standard deviation. Letters represent differences (α = 0.05). T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. Additionally, (a1,a2), (b1,b2) and (c1,c2) describe the contents of soil pH value, available phosphorus (AP), and available potassium (AK) at 0–20 cm and 20–40 cm, respectively. 
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Figure 4. Soil TN and SOM in four periods under five fertilization types. Data are the mean content ± standard deviation. Letters represent differences (α = 0.05). T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. Additionally, (a1,a2) and (b1,b2) describe the contents of soil total nitrogen (TN) and organic matter (SOM) in the 0–20 cm and 20–40 cm soil layers, respectively. 
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Figure 5. Soil microbial biomass carbon (MBC) and nitrogen (MBN) in four periods under five fertilization types. Data are the mean content ± standard deviation. Letters represent differences (α = 0.05). T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. Additionally, (a1,a2) and (b1,b2) describe the soil microbial biomass carbon (MBC) and nitrogen (MBN) in the 0–20 cm and 20–40 cm soil layers, respectively. 
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Figure 6. Soil urease and invertase activities in four periods under five fertilization types. Data are the mean content ± standard deviation. Letters represent differences (α = 0.05). T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. Additionally, (a1,a2) and (b1,b2) describe the contents of soil urease and invertase in the 0–20 cm and 20–40 cm soil layers, respectively. 






Figure 6. Soil urease and invertase activities in four periods under five fertilization types. Data are the mean content ± standard deviation. Letters represent differences (α = 0.05). T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. Additionally, (a1,a2) and (b1,b2) describe the contents of soil urease and invertase in the 0–20 cm and 20–40 cm soil layers, respectively.
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Figure 7. Soil AKPase and APase activities in four periods under five fertilization types. Data are the mean content ± standard deviation. Letters represent differences (α = 0.05). T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. Additionally, (a1,a2) and (b1,b2) describe the contents of soil AKPase and APase activities in the 0–20 cm and 20–40 cm soil layers, respectively. 
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Figure 8. Quantity of soil fungi, bacteria, and actinomycetes in four periods under five fertilization types. Data are the mean content ± standard deviation. Letters represent differences (α = 0.05). T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. Additionally, (a1,a2), (b1,b2) and (c1,c2) describe the soil fungi, bacteria, and actinomycetes in the 0–20 cm and 20–40 cm soil layers, respectively. 
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Figure 9. Individual volume and unit area volume of Pinus tabuliformis in four periods under five fertilization types. Data are the mean content ± standard deviation. Letters represent differences (α = 0.05). T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization. Additionally, (a,b) describe the individual volume and unit area volume, respectively. 
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Table 3. Interaction of five fertilization types and two soil layers in soil nutrient content of Pinus tabuliformis.
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	Treatment × Layer
	0.5-Year
	1-Year
	1.5-Year





	pH
	0.057
	0.138
	0.001 **



	TN
	0.571
	0.445
	0.550



	AP
	0.000 **
	0.000 **
	0.000 **



	AK
	0.120
	0.035 *
	0.194



	SOM
	0.000 **
	0.102
	0.017 *







The number represents sig; * represents a significant difference at the level of 0.05; ** represents a significant difference at the level of 0.01.
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Table 4. Interaction of five fertilization types and two soil layers in soil microbial content of Pinus tabuliformis.
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	Treatment × Layer
	0.5-Year
	1-Year
	1.5-Year





	MBC
	0.000 **
	0.000 **
	0.001 **



	MBN
	0.000 **
	0.000 **
	0.190



	Urease
	0.000 **
	0.000 **
	0.002 **



	Invertase
	0.000 **
	0.000 **
	0.000 **



	AKPase
	0.000 **
	0.494
	0.195



	APase
	0.000 **
	0.000 **
	0.000 **



	Fungi
	0.114
	0.000 **
	0.000 **



	Bacteria
	0.000 **
	0.000 **
	0.000 **



	Actinomycetes
	0.000 **
	0.000 **
	0.158







Note: The number represents sig; ** represents that there is a significant difference at the level of 0.01.
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Table 5. Differences in height, diameter at breast height, and crown width of Pinus tabuliformis.
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Time

	
Fertilizer Type 1

	
Mean H (m)

	
Mean DBH (cm)

	
Mean CW (m)




	
SN

	
EW






	
Beginning

	
T1

	
9.3 ± 0.4 a 2

	
16.6 ± 3.5 a

	
3.8 ± 1.7 a

	
3.5 ± 1.8 a




	
T2

	
9.3 ± 0.9 a

	
15.2 ± 4.4 a

	
3.4 ± 1.3 a

	
3.4 ± 1.1 a




	
T3

	
9.1 ± 1.0 a

	
15.8 ± 4.3 a

	
3.2 ± 1.3 a

	
3.0 ± 1.2 a




	
T4

	
9.1 ± 1.3 a

	
15.5 ± 2.1 a

	
3.0 ± 0.8 a

	
3.0 ± 0.9 a




	
T5

	
9.0 ± 0.9 a

	
14.0 ± 3.1 a

	
2.9 ± 1.1 a

	
2.5 ± 0.8 a




	
0.5 year

	
T1

	
9.8 ± 2.6 a

	
17.2 ± 3.2 a

	
4.4 ± 1.2 a

	
4.4 ± 0.6 a




	
T2

	
9.6 ± 0.4 a

	
16.0 ± 4.0 a

	
4.7 ± 1.1 ab

	
4.7 ± 1.5 ab




	
T3

	
9.2 ± 0.6 a

	
16.1 ± 4.5 a

	
3.9 ± 1.5 ab

	
3.9 ± 0.9 abc




	
T4

	
9.2 ± 1.3 a

	
15.7 ± 2.5 a

	
3.2 ± 0.8 bc

	
3.5 ± 0.8 bc




	
T5

	
9.2 ± 0.8 a

	
14.0 ± 3.5 a

	
2.9 ± 1.3 c

	
3.3 ± 1.4 c




	
1 year

	
T1

	
10.3 ± 1.3 a

	
17.6 ± 3.2 a

	
4.4 ± 1.2 a

	
4.4 ± 0.6 a




	
T2

	
9.9 ± 1.1 a

	
17.0 ± 4.2 a

	
4.7 ± 1.1 ab

	
5.0 ± 1.0 ab




	
T3

	
9.3 ± 1.3 a

	
16.4 ± 3.2 a

	
3.9 ± 1.5 ab

	
4.2 ± 1.6 ab




	
T4

	
9.4 ± 1.2 a

	
16.2 ± 2.7 a

	
3.2 ± 0.8 b

	
3.5 ± 0.8 b




	
T5

	
9.3 ± 0.9 a

	
14.2 ± 3.5 b

	
3.6 ± 1.0 b

	
3.5 ± 1.3 b




	
1.5 year

	
T1

	
10.5 ± 0.3 a

	
18.3 ± 2.9 a

	
4.7 ± 0.9 a

	
4.3 ± 1.2 a




	
T2

	
10.3 ± 1.2 b

	
17.7 ± 3.4 a

	
4.8 ± 1.3 ab

	
5.0 ± 1.0 a




	
T3

	
9.7 ± 0.6 b

	
16.8 ± 3.6 ab

	
4.3 ± 1.1 ab

	
4.2 ± 1.6 a




	
T4

	
9.5 ± 0.9 b

	
17.0 ± 3.2 ab

	
4.4 ± 0.8 ab

	
4.0 ± 0.6 a




	
T5

	
9.4 ± 0.8 c

	
15.5 ± 2.6 b

	
3.7 ± 1.3 b

	
4.1 ± 1.4 a








Note: 1 T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds; T5: no fertilization; 2 data are represented as significant differences. Letters represent differences (α = 0.05).
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Table 6. Regeneration of Pinus tabuliformis.






Table 6. Regeneration of Pinus tabuliformis.





	
Time

	
Fertilizer Type *

	
Plants

	
Number

	
Mean H (m)

	
Mean BD (cm)

	
Coverage

(%)






	
1 year after fertilization

	
T1

	
Quercus mongolica

	
1

	
0.20

	
0.492

	
0.125




	
T2

	
none

	
-

	
-

	
-

	
-




	
T3

	
Quercus variabilis

	
1

	
0.15

	
0.688

	
0.150




	
T4

	
Quercus variabilis

	
2

	
0.63

	
0.600

	
0.750




	
T5

	
Ailanthus altissima

	
1

	
1.00

	
1.253

	
3.738




	
Quercus mongolica

	
1

	
0.25

	
0.428

	
0.203




	
1.5 years after fertilization

	
T1

	
Vitex negundo

	
7

	
1.03

	
1.554

	
1.050




	
T2

	
Ziziphus jujuba

	
1

	
1.14

	
1.030

	
1.050




	
Vitex negundo

	
20

	
0.82

	
0.593

	
0.236




	
T3

	
Vitex negundo

	
28

	
1.22

	
0.931

	
0.729




	
T4

	
Quercus mongolica

	
1

	
0.56

	
0.328

	
0.352




	
Ziziphus jujuba

	
3

	
0.72

	
0.887

	
0.360




	
Vitex negundo

	
14

	
0.86

	
0.683

	
0.352




	
T5

	
Quercus variabilis

	
1

	
0.84

	
0.374

	
0.613




	
Quercus variabilis

	
2

	
0.18

	
0.424

	
0.076




	
Vitex negundo

	
33

	
1.10

	
0.949

	
0.871








Note: * T1: adjustment of C/N and C/P + 0.2% priming; T2: adjustment of C/N and C/P + 0.2% common compost; T3: adjustment of C/N and C/P; T4: raw material grinding of thinning shreds.
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