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Abstract:



Soil organic carbon (SOC) plays an essential role in the early stages of pedogenisis and ecological restoration in reclaimed mine soils. Dynamic changes in the SOC content are essential for assessing the quality of reclaimed mine soils and the effect of ecological restoration. To objectively assess the carbon dynamics of reclaimed soils, we selected the surface (0–20 cm) soil of farmland under agricultural use (soybean–wheat rotation) from a reclamation chronosequence (R4: 4 years of reclamation, R7: 7 years of reclamation, R10: 10 years of reclamation and R13: 13 years of reclamation) in the Dongtan Mining Area, Shandong Province, China. The adjacent normal, unaffected farmland was used as a control (CK). The results showed that the SOC content gradually increased with the reclamation age until it reached 7.98 g·kg−1 for R13, which accounted for 76% of that of the CK. However, the total carbon contents of the reclaimed soils did not significantly differ from and even appeared higher than that of the CK. This is mainly because the inorganic carbon contents of the reclaimed soils ranged from 2.98 to 12.61 g·kg−1, all of which were significantly higher than the 0.87 g·kg−1 obtained for the CK. The microbial biomass carbon (MBC) content and the microbial quotient significantly increased with the reclamation age of the soil, and both parameters were markedly higher for R13 than for the CK. The dissolved organic carbon (DOC) content and its ratio to the SOC were significantly higher for R4–R13 than for the CK and DOC/SOC gradually decreased with the reclamation age. Both the reclamation age and the temperature had positive effects on the soil basal respiration (SBR). The SBR rate constantly increased with the reclamation age and was markedly higher at 25 °C than at 15 °C. The temperature sensitivity (Q10) of the SBR showed a clearly decreasing trend for the reclamation chronosequence, but its value remained higher for R13 than for the CK (2.37). The metabolic quotient constantly decreased with the reclamation age, which suggests that the survival pressure imposed on soil microbes by the soil environment gradually decreased. These results indicate that it takes a long time for organic carbon to accumulate in reclaimed mine soil and that rational agricultural use contributes to sustained improvement of the quality of reclaimed soil.
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1. Introduction


Soil controls the hydrology, biodiversity, geochemical cycles, and human health and also produce services, goods, and resources for humankind, it is so important that the United Nations put them in a central position related to achieving sustainability of the planet [1,2,3,4]. Coal mining is one of the key drivers of land degradation worldwide both in developed nations such as USA, England, Australia, and Spain and emerging economies such as China, India, and Africa [5]. Meanwhile, coal production also is an important economic pillar for many countries especially in emerging economies. Therefore, reclaimed mine soil is particularly crucial to global sustainable development.



China is the largest producer of coal in the world, and its coal production accounts for approximately half of the global production [6,7,8]. Due to the burial characteristics of coal seams, approximately 92% of the raw coal is produced by underground mining in China. The resulting land subsidence has emerged as the most prominent problem in coal mining areas [9]. The subsidence problem is particularly serious in coal mining areas in the eastern plains of China, which exhibit typical overlaps of coal mining and agricultural production [9,10]. Land subsidence destroys large areas of arable land and threatens national food security, and water logging in the subsided land area causes the original agro-ecosystem to become an aquatic ecosystem, which seriously affects the regional carbon cycle. Agriculture has become the primary land use pattern of reclaimed land in coal mining areas in the eastern plains of China to ease the pressure on arable land caused by coal mining, restoring the soil quality and maintaining the stability of regional ecosystems [10]. This is different from other large coal producers, such as the USA and India, where open-pit mining is common. In these countries, the land in mining areas is generally reclaimed by forests and vegetation is reconstructed to establish stable ecosystems with high levels of productivity [11,12,13].



The goal of soil reclamation is to reach a soil quality (including physical, chemical, and biological indicators) that is unaffected or suitable for sustained and stable agricultural use. The soil organic carbon (SOC) as a ‘trigger’ of the soil’s physical structure, nutrient cycling, and biological functions [14], plays an essential role in the early stages of pedogenisis and ecological restoration in reclaimed mine soils [15,16]. Research has shown that coal mining may lead to a rapid decrease in the SOC content; the decrease in the SOC pool can reach 70–81% [17]. Moreover, the storage of surface soil during reclamation can lead to the loss of SOC content. Through reasonable reclamation measures, degraded mine soils can restore large amounts of SOC [18,19,20] as an important carbon sink. However, the accumulation of SOC is a long-term process. In contrast, indicators of labile organic carbon—such as microbial biomass carbon (MBC) and dissolved organic carbon (DOC)—are more sensitive to the early changes in reclaimed soils. The soil basal respiration (SBR), a sensitive indicator that characterizes microbial activity, can be used to assess soil restoration in degraded ecosystems [21]. Because of the accumulation of SOC and total nitrogen (TN), in reclaimed soils, the physical structure constantly improves and the amounts of nutrients progressively increase, which promotes continuous improvement of the soil’s MBC and SBR [14,22]. These properties are not only critical indicators of soil quality but also key processes in the carbon cycle; their changes over time are the basis on which to assess the fertility restoration and carbon sequestration potential of a reclaimed mine soil. Studying the chronosequence is an effective way to assess the trends and rates of change of soil properties [23,24]. Studies indicate that the physical, chemical, and biological indicators for reclaimed mine soils constantly improve over time [11,25,26,27]. For instance, the study of Kumar et al. [28] found that the MBC and CO2 flux of the soil in the Raniganj Coalfield in eastern India approached the levels of natural forest land 21 years after vegetation reconstruction. Mukhopadhyay et al. [29] reported that the MBC and CO2 flux of the soil in the North Karanpura area of India exceeded the levels of natural forest land after 17 years of reclamation. Moreover, Dangi et al. [30] found that years 5–14 of vegetation reconstruction composed the most important stage in the recovery of the microbial community in a reclaimed mining area in northeastern Wyoming, USA. Despite the positive effect of time on the restoration of reclaimed soil, the time that it takes for reclaimed soil to recover to normal levels varies due to differences in climate conditions, vegetation type, soil texture, and management methods. The vegetation type and the land use pattern after reclamation are the most important to soil quality restoration [22]. Existing studies of reclaimed soils have mainly focused on forest and grassland ecosystems; little attention has been paid to reclaimed soils under agricultural cultivation. East China is a major grain-producing area that has taken on an important mission for national food security. Reclamation of the mining areas in East China must consider agricultural use a prerequisite. Therefore, the success of reclaiming these mining areas has great eco-environmental value and social significance.



An increase or decrease in the SOC content of farmland soil is a sign that a specific farmland ecosystem has become a carbon source or sink; additionally, soil respiration is an important short-term factor that characterizes a long-term change in the SOC content. To understand the function and sustainability of reclaimed agro-ecosystems in mining areas, the emphasis is on clarifying the change in the soil indicators after reclamation [26]. The aims of the present study are to assess the change in the total amount of carbon (total carbon (TC), SOC and soil inorganic carbon (SIC)), MBC, DOC, and basal respiration in reclaimed mine soils under soybean–wheat rotation with reclamation time and to monitor the evolution of soil quality and the activity of the soil microbial community in reclaimed mine soils under agricultural use.




2. Materials and Methods


2.1. Study Site


The study was conducted in the Dongtan Mining Area in Zoucheng (116°46′30″–117°28′54″E, 35°8′12″–35°32′54″N), Shandong Province, China (Figure 1). This area has a transitional monsoon climate in the warm temperate zone. The average annual rainfall is 777.1 mm, and the average annual temperature is 14.1 °C. The active accumulated temperature (which refers to the sum of all daily average temperature (≥10 °C) in one year and reflects the heat conditions provided by the climate for crops) with an average daily temperature ≥10 °C is 4696.7 °C and covers 217 days. These conditions satisfy the heat requirements for two years of triple-cropping and one year of double-cropping. The major type of soil is fluvo-aquic soil (CST classification), which is loose and is one of the main agricultural soil in China. The soil texture is silty loam (sand content is 39.47%, silt content is 51.23%, clay content is 9.30%) according to the international soil texture classification. Soil organic carbon content is 10.44 g·kg−1, total nitrogen content is 1.10 g·kg−1, available nitrogen content is 90.43 mg·kg−1 and available phosphorus content is 23.31 mg·kg−1 (Table 1, Figure 2). The Dongtan Coal Mine, which was put into production in 1989, is the first underground coal mine with a cumulative coal production of greater than 100 million tons in China. Long-term coal mining has resulted in serious surface subsidence, generally with an underground water table of −1.5 m. Currently, a number of large ponds containing water with a collapse depth of approximately 4–10 m are present; their formation destroyed large areas of arable land. Since 2000, the coal gangue filling governance model has been promoted in the Dongtan Coal Mine to remediate the ecological environment in the mining area, solve the problem of land occupation by gangue and fulfil the statutory obligation of those who destroy farmland to restore it. The coal gangue site reclamation process was implemented in the coal mining subsidence area from 2001 to 2011. The reclamation process involved filling with coal gangue and covering with surface soil, and the procedure was as follows. Following the surface–underground contrast plan, the surface soil was first stripped and piled in the mining area with no or early-stage subsidence. When the mining subsidence area was stabilized, the water that had formed a pond was discharged, and the debris was removed from the subsidence basin. The compaction and the amount of coal gangue were determined by preliminary experiments. Based on the results, coal gangue was backfilled into the subsidence basin to the designed level and compacted until smooth; the gangue filling layer was approximately 2–4 m thick. Finally, the pre-stripped and stored surface soil was backfilled and compacted until smooth in a layer that was approximately 1.0 m thick; then, crops were planted on the reclaimed site. By the end of 2011, a total of 140 hm2 of land had been reclaimed and 66.7 hm2 of arable land had been restored in the Dongtan coal mining subsidence areas by means of reclamation with coal gangue filling; the crop rotation system is soybean–wheat rotation (planting soybean in summer and wheat in winter). Because the reclamation project lasted several years, we provide a detailed chronosequence. Except for their reclamation ages, the selected plots were under the same conditions; these included their topography (plain), climate (transitional monsoon climate in the warm temperate zone), parent soil material (river alluvium), crop pattern (soybean-wheat rotation), and methods of tillage (traditional tillage) and fertilization (wheat season fertilizer 180~250 kg·hm−2 N, 120~150 kg·hm−2 P2O5, 27~50 kg·hm−2 K2O; soybean season fertilizer 95~270 kg·hm−2 N, 40~120 kg·hm−2 P2O5, 19~38 kg·hm−2 K2O; wheat straw returning).


Figure 1. Geographic locations of the experimental sites. R4 = 4 years of reclamation; R7 = 7 years of reclamation; R10 = 10 years of reclamation; R13 = 13 years of reclamation; CK = control site.



[image: Sustainability 09 00629 g001]





Figure 2. Change in the soil’s (a) total carbon and (b) C/N ratio with the reclamation age. Error bars represent the standard error; different lowercase letters indicate significant differences at p < 0.05 according to Duncan’s multiple range tests.
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Table 1. Changes in the basic physicochemical properties of soils with different reclamation ages.







	

	
R4 1

	
R7

	
R10

	
R13

	
CK






	
pH

	
8.33 ± 0.07a 2

	
8.65 ± 0.03a

	
8.67 ± 0.07a

	
8.39 ± 0.09a

	
6.64 ± 0.23b




	
EC (μS·cm−1)

	
156.83 ± 15.67bc

	
222.63 ± 31.63ab

	
282.17 ± 30.97a

	
230.17 ± 19.45a

	
111.28 ± 6.58c




	
TN (g·kg−1)

	
0.79 ± 0.06b

	
0.78 ± 0.02b

	
0.86 ± 0.02b

	
1.06 ± 0.03a

	
1.10 ± 0.03a




	
AN (mg·kg−1)

	
40.97 ± 6.01c

	
51.40 ± 1.47c

	
64.45 ± 4.89b

	
63.22 ± 2.80b

	
90.43 ± 3.25a




	
AP (mg·kg−1)

	
4.49 ± 0.84b

	
8.38 ± 1.08b

	
8.80 ± 1.22b

	
12.44 ± 4.86b

	
23.31 ± 3.30a








1 R4 = 4 years of reclamation; R7 = 7 years of reclamation; R10 = 10 years of reclamation; R13 = 13 years of reclamation; CK = control farmland. 2 Data are mean ± SE. Different lowercase letters in the same line indicate significant differences with age of reclamation at p < 0.05 according to Duncan’s multiple range tests.









2.2. Collection of Mine Soil Samples


Using the “space-for-time” method, a chronosequence was formed using soils with 4 years (R4, 2.0 hm2), 7 years (R7, 4.7 hm2), 10 years (R10, 7.5 hm2), and 13 years (R13, 6.3 hm2) of reclamation (Figure 1). Additionally, a farmland soil that was unaffected by mining activities was selected as a control (CK, 5.0 hm2) in the area adjacent to the reclaimed site. Soil samples were collected in October 2014. Six sampling points per plot in an S-shaped pattern were selected using a multi-point sampling method. At each sampling point, three cores of soil at 0–20 cm were collected using a stainless steel sampler with an inner diameter of 3.5 cm and a length of 50 cm. The three cores were mixed to obtain a composite soil sample. After collection, impurities—such as plant roots and gravel—were removed from the soil samples. Each sample was thoroughly mixed and evenly divided into two portions. One portion was air-dried at room temperature and passed through a 2-mm sieve before its basic physicochemical properties were analyzed; the other portion was sealed in a Ziploc bag and stored in a refrigerator at 4 °C before its MBC, DOC, and SBR were analyzed.




2.3. Soil Analyses


Soil pH (soil/water = 2.5:1) was measured using a digital pH meter (PHS-3E, Youke, Shanghai, China); soil electrical conductivity (EC; soil/water = 5:1) was measured using a conductivity meter (SX713, Sanxin, Shanghai, China). Soil organic carbon (SOC) was analyzed by potassium dichromate oxidation–ferrous sulphate titrimetry method [31]. Soil available nitrogen (AN) was measured using the alkali N-proliferation method, and its available phosphorus (AP) was measured using Olsen method [32]. Soil total carbon (TC) and total nitrogen (TN) contents were measured using a FlashEA 1112 Series NC Analyzer (Thermo Fisher Scientific, Waltham, MA, USA). The soil inorganic carbon (SIC) content was calculated by subtracting the SOC content from the TC content. Soil microbial biomass carbon (MBC) was determined using the chloroform fumigation–extraction method [33] and calculated as MBC = Ec/Kc, where Kc = 0.45. To determine the soil dissolved organic carbon (DOC) content, (20 ± 0.01) g (dry weight) of the fresh sample was placed into a conical flask containing 100 mL of deionized water. The suspension was oscillated at room temperature for 30 min and then, centrifuged at 9000 r/min for 10 min. The supernatant was passed through a 0.45 μm membrane filter, and the organic carbon concentration of the liquid extract was measured using a TOC analyzer (Multi NC3100, Analytik Jena, Jena, Germany).



To measure SBR, a 2 mm-sieved moist soil was used. After plant litter and roots were removed, the maximum field capacity of the soil was measured. Determination steps of maximum soil field capacity: (1) Fill the air-dried soil sample into a cutting ring, make the soil surface smooth and higher (1~2 mm) than the cutting ring. Then cover the soil surface with a piece of filter paper and place it cutting ring on the table. (2) Put the cutting ring which is filled with undisturbed sample (field acquisition) on a flat container. Add water to the container and until it is just below (1~2 mm) the top of cutting ring, then soak it for 24 h. (3) Remove the bottom cover of cutting ring which is filled with undisturbed sample and water. Put this cutting ring on the top of cutting ring which is filled with air-dried soil and press them together with a brick (2 kg). (4) After 8 h, take out 20~30 g soil from the upper cutting ring and measure its wet weight and dry weight. Then calculate the soil moisture content also is the maximum soil field capacity. Then, place an equivalent soil sample with a dry weight of 30.0 g into a 350-mL culture flask. Adjust the moisture to 60% of the maximum field capacity of the soil to be cultured. Incubated the prepared soil in a low-temperature thermostat bath (DC-0530, Shanghai Bilon Instrument Co., Shanghai, China). Two temperatures (15.0 and 25.0 °C) were set. The time was recorded after the bath temperature increased to a pre-set temperature, and the sample was stabilized for 2 h under aeration conditions. Then, the flasks were sealed, and at the beginning and end of the sealing process, a syringe was used to collect a sample containing 5.0 mL of gas from each flask. The CO2 in the gas sample was analysed using a gas chromatograph (Agilent 6890, Agilent Corp., Palo Alto, CA, USA). Immediately after the first gas sample was collected, the flask was supplemented with CO2-free gas to avoid the impact of negative pressure on the soil respiration. The respiration rate during this period was calculated as
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(1)




where SBR is the soil basal respiration rate (mg·CO2-C·kg−1·d−1); M is the molar mass of CO2-C (g·mol−1); 22.4 is the molar volume of gas (L·mol−1) in the standard state (temperature, 273 K; pressure, 101.3 kPa); T0 and P0 are the absolute temperature (K) and pressure (kPa) of air, respectively, in the standard state (temperature, 273 K; pressure, 101.3 kPa); P is the pressure (kPa) during sampling; T is the absolute temperature (K) during sampling; ΔC/Δt is the change in the CO2 concentration (ppm) within the flask over time (h) during the observation period; V is the headspace volume in the flask (L); and m is the dry weight of the incubated soil (g).



The metabolic quotient (qCO2) is the ratio of the SBR to the MBC [22]. The temperature sensitivity (Q10) of soil respiration was calculated as follows [34]:
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(2)




where R1 and R2 are the SBR rates at temperatures T1 and T2, respectively (T1 < T2).




2.4. Statistical Analysis


A one-way analysis of variance (ANOVA) and Duncan’s test were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA) for the analysis of variance and the test of significant difference (α = 0.05) of the soil property indicators for the samples with different reclamation ages and the control. The correlations were analyzed using a Pearson correlation analysis.





3. Results


3.1. Basic Physicochemical Properties


Compared with the control farmland (CK, 6.64), the reclaimed soils were alkaline (R4–R10, 8.33–8.67) and had significantly higher pH values. The pH initially increased and then, decreased with the reclamation chronosequence, but no significant differences between the different reclamation ages were found (Table 1). Similar to the pH, the soil EC increased from R4 to R10 (156.83–282.17 μS·cm−1). The EC for R13 was relatively low but significantly higher than the value for the CK (111.28 μS·cm−1, Table 1).



The soil TN content increased constantly with the reclamation age. However, the increase in the TN content was slow from R4 to R10, which had significantly lower values than the CK (1.10 g·kg−1). A marked increase occurred between R10 and R13, and the TN content for R13 reached 96.36% of that of the CK. The AN and AP contents of the soil both constantly increased with the reclamation chronosequence, but the values were significantly lower for R13 than for the CK (Table 1), i.e., they were 69.91% and 53.37% of the value for the CK, respectively.




3.2. TC, SIC, and SOC


Except for the significantly higher TC content of R4, no significant difference was found among the other reclamation ages, and the results were generally consistent with those of the CK. The TC content of R3 was slightly higher than that of the CK (Figure 2a). Similar to the TC content, the SIC content did not significantly differ with the restoration age except in R4; overall, it was higher than that of the CK (Figure 2a). Additionally, Figure 2a shows that in the reclaimed mine soils, the percentage of the TC made up by the SIC gradually decreased with the reclamation age, i.e., 66.19% (R4), 36.23% (R7), 29.33% (R10), and 31.50% (R13), which were all higher than the CK’s value of 8%.



The trend of the SOC content was consistent with that of the TN content. Both the parameters increased with the reclamation age, but the change from R4 to R10 was not significant. Despite a substantial increase at a reclamation age between those of R10 and R13, the SOC content of R13 (7.98 g·kg−1) was significantly lower than that of the CK (10.44 g·kg−1, Figure 2a). The carbon–nitrogen (C/N) ratio of the reclaimed soils gradually decreased as the reclamation age increased; however, no significant difference was found, and the C/N ratio was always lower than that of the CK (Figure 2b).




3.3. MBC and DOC


The MBC content increased constantly with the reclamation age and showed significant differences (Figure 3a). In particular, the MBC content of R4 was significantly lower than that of the CK; the MBC content reached 239.83 mg·kg−1 for R10, that is, 100.48% of that of the CK, and the MBC content of R13 (346.32 mg·kg−1) was significantly higher than that of the CK. The DOC content initially decreased and then increased with the reclamation age; it ranged from 81.02 to 86.99 mg·kg−1. Although no significant difference was found for the different reclamation ages, the DOC contents of the reclaimed soils were, overall, significantly higher than that of the CK, 64.06 mg·kg−1 (Figure 3b).


Figure 3. Change in the soil’s (a) MBC, (b) DOC, (c) MQ, and (d) DOC/SOC with the reclamation age. Error bars represent the standard error; different lowercase letters indicate significant differences at p < 0.05 according to Duncan’s multiple range tests.
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The reclamation age showed markedly different effects with respect to the microbial quotient (MBC/SOC, MQ) and the DOC/SOC (Figure 3c,d). The trend in the soil MQ was consistent with that of the soil MBC. Both these parameters gradually increased with the reclamation age and varied significantly. The MQ of R4 (1.89%) was close to that of the CK (2.27%), whereas the MQs of R7–R13 were significantly higher than that of the CK (Figure 3c). Conversely, the DOC/SOC ratio decreased with the reclamation age, but overall, the DOC/SOC ratios of the reclaimed mine soils were significantly higher than that of the CK. Except for the significant difference between R4 and R13, no significant differences were found in the DOC/SOC ratios for the remaining reclamation ages (Figure 3d).




3.4. SBR and qCO2


At 15°C, the SBR rates of the reclaimed soils gradually increased with the reclamation age; its values were 0.88 mg·CO2-C·kg−1·d−1 for R4, 1.14 mg·CO2-C·kg−1·d−1 for R7, 2.26 mg·CO2-C·kg−1·d−1 for R10, and 2.80 mg·CO2-C·kg−1·d−1 for R13. In terms of the SBR, R4 and R7 were significantly lower than the CK (i.e., 27.98% and 36.33% of the value for the CK, respectively); R10 and R13 showed no significant difference compared with the CK (71.81% and 88.86% of the value for the CK, respectively) (Figure 4a). At 25 °C, the SBR rates of the reclaimed soils varied between 9.25 and 10.24 mg·CO2-C·kg−1·d−1. The SBR rate slightly, but not significantly, increased with the reclamation age. Compared with the value for the CK (7.38 mg·CO2-C·kg−1·d−1), the SBR rates for R4–R13 were significantly higher (Figure 4a). Additionally, Figure 4a shows that the SBR rate was markedly affected by temperature and significantly higher at 25 °C than at 15 °C. The temperature sensitivity (Q10) of the SBR rate for different reclamation ages was 12.04 (R4), 8.26 (R7), 4.66 (R10), and 3.97 (R13). The Q10 significantly decreased with the chronosequence of reclamation but remained higher for R13 than for the CK (2.37, Figure 4c).


Figure 4. Change in the (a) SBR rate, (b) qCO2, and (c) Q10 with the reclamation age. Error bars represent the standard error; different lowercase letters indicate significant differences at p < 0.05 according to Duncan’s multiple range tests.
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At 15 °C, the soil qCO2 did not significantly change with the reclamation age. In terms of the qCO2, R10 and R13 were slightly higher than R4 and R7 but were, overall, lower than the CK (Figure 4b). At 25 °C, the soil qCO2 significantly decreased as the reclamation age increased, and the maximum was found for R4 (0.084 mg·CO2-C·mg−1·MBC·d−1). The qCO2 decreased to 0.030 mg·CO2-C·mg−1·MBC·d−1 for R13, which was generally consistent with the value for CK (0.028 mg·CO2-C·mg−1·MBC·d−1) (Figure 4b).




3.5. Correlations between the Soil Carbon Content, the SBR Rate, and Physicochemical Properties


Correlation analysis (Table 2) showed that the MBC, TN, and AN of the reclaimed soils was strongly positively correlated with the SOC (p < 0.01). The MQ and SBR was significantly positively correlated with the SOC (p < 0.05). Moreover, the qCO2, pH and SIC was negatively correlated with the SOC (p < 0.05). Additionally, a significant negative correlation was found between the DOC and the pH (p < 0.05). The SBR rate showed highly significant positive correlations with the MBC and TN contents and with the MQ, AN, and AP contents (p < 0.01). The qCO2 was negatively correlated with the SOC, MBC, and TN contents and with the MQ, the SBR rate contents and the EC at the significant (p < 0.05) or highly significant level (p < 0.01).



Table 2. Correlations between the soil carbon content, the SBR rate, and physicochemical properties.







	

	
SOC

	
MBC

	
DOC

	
MQ

	
DOC/SOC

	
SBR

(15 °C)

	
SBR

(25 °C)

	
qCO2

(15 °C)

	
qCO2

(25 °C)






	
SOC

	
1

	

	

	

	

	

	

	

	




	
MBC

	
0.737 **

	
1

	

	

	

	

	

	

	




	
DOC

	
0.242

	
0.020

	
1

	

	

	

	

	

	




	
MQ

	
0.502 *

	
0.948 **

	
−0.076

	
1

	

	

	

	

	




	
DOC/SOC

	
−0.889 **

	
−0.680 **

	
0.153

	
−0.504 *

	
1

	

	

	

	




	
SBR (15 °C)

	
0.482 *

	
0.687 **

	
0.011

	
0.629 **

	
−0.425

	
1

	

	

	




	
SBR (25 °C)

	
0.384

	
0.305

	
0.175

	
0.211

	
−0.317

	
0.773 **

	
1

	

	




	
qCO2 (15 °C)

	
−0.016

	
−0.030

	
0.068

	
−0.040

	
0.053

	
0.650 **

	
0.675 **

	
1

	




	
qCO2 (25 °C)

	
−0.568 **

	
−0.849 **

	
0.050

	
−0.871 **

	
0.601 **

	
−0.442 *

	
−0.019

	
0.254

	
1




	
pH

	
−0.412 *

	
−0.146

	
−0.449 *

	
0.054

	
0.131

	
−0.089

	
−0.213

	
0.011

	
−0.155




	
EC

	
0.261

	
0.512 *

	
0.053

	
0.570 **

	
−0.302

	
0.564 **

	
0.440 *

	
0.312

	
−0.443 *




	
TN

	
0.904 **

	
0.846 **

	
0.332

	
0.689 **

	
−0.771 **

	
0.705 **

	
0.480 *

	
0.301

	
−0.661 **




	
TC

	
−0.259

	
−0.452 *

	
0.294

	
−0.524 *

	
0.477 *

	
−0.356

	
−0.099

	
−0.176

	
0.657 **




	
AN

	
0.525 **

	
0.599 **

	
0.051

	
0.590 **

	
−0.561 **

	
0.670 **

	
0.393

	
0.433

	
−0.641 **




	
AP

	
0.467 *

	
0.510 *

	
0.147

	
0.449 *

	
−0.412

	
0.658 **

	
0.537 *

	
0.161

	
−0.368




	
SIC

	
−0.468 *

	
−0.591 **

	
0.208

	
−0.600 **

	
0.644 **

	
−0.470 *

	
−0.184

	
−0.177

	
0.733 **








** Significant correlation at the 0.01 level (two-tailed). * Significant correlation at the 0.05 level (two-tailed).










4. Discussion


Time is a major factor in pedogenisis and a critical driver of all soil processes [24]. In the present study, the SOC content was found to gradually increase with the reclamation age (Figure 2a). This indicates that in similar pedogenetic conditions, time has a positive effect on the evolution of the SOC in reclaimed soils [25]. Several chronosequence studies [19,26,28,35] have shown that SOC constantly accumulates in reclaimed soils over time, which shows great potential for carbon sequestration. The carbon sequestration potential of reclaimed soils depends mainly on the biomass they contain and its return to the soil; moreover, the carbon sequestration potential is affected by the mechanism protecting the soil carbon [36]. During agricultural use of reclaimed mine soils, crop roots and litter continuously enter the soil, and large amounts of organic manure and chemical fertilizers are applied, which causes the soil carbon input to increase with the reclamation age [37]. Additionally, plant litter and root exudates form soil humus via decomposition, transformation, and synthesis, which promotes the formation of soil aggregates and thereby provides physical protection of the organic carbon [38], which is conducive to the accumulation of SOC. In the present study, despite the constant increase in the SOC content with the reclamation age, the growth rate was very slow, and the SOC content of R13 was only 1.24 that of R4. Zhao et al. [35] found that the SOC content increased rapidly when forest and grassland ecosystems were reconstructed in an open-pit mine area; after 13 years of reclamation, the value reached 3.1 times what it was after four years. This may be because during the reconstruction of forest and grassland ecosystems, the aboveground vegetation biomass and litter constantly increase and undergo humification, which can effectively improve the soil texture and promote the rapid accumulation of SOC. In contrast, although large amounts of organic manure and chemical fertilizer are used in agriculture, the vast majority of aboveground crops are removed every year and mechanical ploughing further destroys soil aggregates; to a certain extent, these processes decrease the rate of SOC accumulation. It has been reported as the reclamation age increases, the rate of SOC accumulation in soils reclaimed by forest and grassland ecosystems decreases [17,39,40]. The SOC content gradually increases and tends to stabilize; ultimately, the carbon pool reaches a new equilibrium state [18]. However, the rate of SOC accumulation during the early stages was found to be rather low in reclaimed soil used for agriculture. We consider that it may be more difficult for the SOC stock of reclaimed soil being used for agriculture to return to its original unaffected level than that of a forest–grassland composite ecosystem. Jacinthe et al. [37] investigated the carbon pool in reclaimed soils under conventional tillage in the mining area of southwestern Indiana, USA. They believed that it would take 50 years to reach a new equilibrium state and that the SOC stock after equilibrium accounted for approximately 71% of the original state, which further verifies our hypothesis. In the present study, the change in the SOC of the reclaimed farmland soil has reached 76% of the value for the original landscape. Whether the SOC stock can be further restored and how long it will take are pending in-depth studies.



Although we found significantly lower SOC contents in the reclaimed soils than in the control farmland, the TC content did not significantly differ from and was even higher than it was in the control (Figure 2a). This is mainly because the SIC contents of the reclaimed soils ranged from 2.98 to 12.61 g·kg−1 (i.e., 29.33–66.19% of the TC content), which was significantly higher than the value of 0.87 g·kg−1 for the control farmland (8% of the TC content). This is similar to the result of Stahl et al. [41]; however, Chaudhuri et al. [24] reported that the SIC content accounted for less than 4% of the TC content of reclaimed soils in West Virginia, USA. The difference in the SIC content between the reclaimed and control soils is mainly due to the characteristics of the carbon content of the overlying soil and is therefore mainly controlled by the soil’s parent material rather than mining and reclamation processes [42].



A soil’s C/N ratio is an important indicator that characterises whether microbial growth is subject to carbon or nitrogen limitation in reclaimed soils, and the optimal range for the C/N ratio to meet the soil’s functional requirements is 8–12 [20]. Numerous studies have shown that nitrogen is the main factor limiting vegetation reconstruction in degraded mining areas; the large amounts of soil nutrients absorbed and the low amounts of organic residues returned to the soil result in low nitrogen contents in reclaimed forest soils [43,44,45]. In reclaimed soils used for agriculture, annual ploughing may lead to the mineralization of organic carbon and thereby slow down the accumulation of SOC [20]. Moreover, the application of nitrogen fertilizer and the nitrogen fixation of legumes can enhance the accumulation of nitrogen [18,20,46]. The synergistic effect of these two factors leads to a decrease in the C/N ratio of a soil. In the present study, the C/N ratios of the reclaimed soils were significantly lower than that of the control farmland and gradually decreased as the reclamation age increased (Figure 2b). This indicates that the amount of carbon supplied is the main factor limiting microbial growth in the soil.



MBC is an important source of nutrients for plants. Following reclamation in mining areas, the accumulation of labile carbon can promote a rapid increase in the soil MBC content and the associated microbial activity [29,47]. In the present study, the soil MBC content increased from 121.36 to 346.32 mg·kg−1 over the 4 to 13 years of reclamation and, after 13 years of reclamation, was markedly higher than that of control farmland (Figure 3a). This result is consistent with most existing studies [26,29,48] and supports the view that “5–14 years of reclamation is the most important stage for restoration of soil microbial communities” proposed by Dangi et al. [30] in a study of soil microbial community restoration in mining areas. This indicates that soil microbial communities are also gradually restored during reclamation. However, it usually takes more than 20 years to restore a soil’s microbial biomass to the level of the original landscape in the semi-arid mining areas in Wyoming, USA [49]. The correlation analysis revealed a highly significant positive correlation between the MBC and the SOC contents (r = 0.737, p < 0.01), which is in agreement with the results of Adeli et al. [26] and Ingram et al. [50]. This suggests that organic matter is the main energy source for soil microorganisms; the organic carbon added to reclaimed soils during agricultural activities is rapidly utilized by microbial communities, which contributes to the rapid increase in the soil’s MBC content and the restoration of a damaged ecosystem.



The soil DOC is the carbon component that is best for microbial growth [51]. The DOC content is generally no greater than 2% of the total SOC; however, compared with the relatively stable components of humus, the soil DOC has a higher degradation rate [52,53], and its dynamic changes can reflect the stability of the SOC. In the present study, the soil DOC content of reclaimed farmland was significantly higher than that of control farmland and decreased with reclamation age. Because DOC is leached downward by water and immobilized by subsurface mineral soil [54], the DOC content of subsurface soil is usually higher than that of surface soil. However, during reclamation, the soil layer is disturbed, and part of the subsurface soil is ploughed to the surface; therefore, the DOC content of reclaimed farmland surface soil is markedly higher than that of control farmland soil. Subsequently, the number of soil microbes grows and soil respiration is enhanced during agricultural use, which results in a gradual decrease in the soil DOC content [55]. Additionally, the pH of the soil is an important factor that affects the change in its DOC content. At a high pH, the acid moiety of DOC is prone to neutralization reactions with other substances, such as calcium and magnesium compounds, which decreases the DOC content of the soil [56]. In the current study, we found a significant negative correlation between the soil’s pH and DOC content (r = −0.449, p < 0.05). This indicates that an increase in the pH contributes to the decrease of the DOC contents of the reclaimed soils.



The MQ serves as a sensitive indicator of the quality of the soil carbon pool and can be used to infer the availability of carbon. Compared with the MBC content, the MQ can better reflect the influence of agricultural use on the carbon in reclaimed soils. It has been noted that the higher the MQ is, the more carbon accumulates in the soil; additionally, the MQ changes with the structure and number of microbial populations restored, which slows the conversion from non-labile to labile organic carbon and eventually, increases the SOC content [57]. In the present study, the MQ markedly increased with the reclamation age and exhibited a significant positive correlation with the SOC content (r = 0.502, p < 0.05) (Figure 3c, Table 2). This shows that the availability of soil carbon and the carbon sequestration capacity of soil were enhanced and that SOC increasingly accumulated during agricultural use. A higher DOC/SOC ratio indicates that organic matter can be more easily decomposed by microbes. The DOC/SOC ratio is often used as a good indicator for the turnover of the biologically active organic carbon pool of a soil. Therefore, the decrease in the DOC/SOC ratio with the reclamation age observed in this study means that the turnover rate of the soil’s biologically active organic carbon pool decreased, which corroborates the decrease in the rate of conversion from non-labile to labile organic carbon in reclaimed soils with the reclamation age, as indicated by the MQ.



Soil respiration is an important biological indicator that characterizes a soil’s quality and fertility. In particular, the SBR rate reflects the soil’s microbial activity, the SOC content and the amount of decomposition and is an important early indicator used to assess the restoration status of degraded mine soils [22,58]. In the present study, the SBR rate showed a markedly increasing trend with the reclamation age. The same result has been reported in the studies of Wiseman et al. [59] and Mukhopadhyay et al. [29] on a chronosequence of reclaimed mine soils. During the agricultural use of reclaimed soils, on the one hand, the amount of labile organic carbon (the substrate of microbes) in the soil rapidly increases; on the other hand, the soil’s physical properties, including its structure, water retention and aeration, improve. All these aspects contribute to a significant increase in the SBR rate. The correlation analysis revealed significant positive correlations between the SBR rate and the SOC content and between the SBR rate and the MBC content (Table 2), which further demonstrates that an increase in the labile organic carbon is one of the factors that leads to an increase in the SBR. In addition to the reclamation age, temperature is an important factor that affects soil respiration [60,61]. The SBR was markedly higher at 25 °C than it was at 15 °C for different reclamation ages (Figure 4a). This indicates that the increase in temperature (from 15 °C to 25 °C) significantly improved the microbial activity and the rate of substrate utilization, which contributed to SBR. The temperature sensitivity of soil respiration depends on the activity of the SOC, namely, the supply capacity of substrates [62,63,64]. In the present study, the temperature sensitivity (Q10) decreased with the reclamation age. This may be because, in the early stage of reclamation, the number and activity of soil microbial communities are relatively low, whereas the labile organic carbon (DOC) content is relatively high and the supply of substrate is sufficient, which result in a high Q10; as the reclamation age increases, the number and activity of soil microbial communities increase while the labile organic carbon (DOC) content decreases and the substrate supply is relatively insufficient, which results in a decreased Q10. Moreover, Q10 was substantially higher for the reclaimed soils in this study than for the control farmland. The reasons Q10 values were so high may include: (1) Bacteria amounts were predominant (more than 95%) in reclaimed soil [65]. Because of the small size, strong metabolism, and large contact area with soil, the microbial community dominated by bacteria generally has higher temperature sensitivity [66]. (2) Coal gangue contains a large amount of carbon. During reclamation, this carbon source is released under suitable environmental conditions and adds to the CO2 content of the overlying soil, which affects the temperature sensitivity of the soil’s respiration [67].



The qCO2 reflects the substrate utilisation efficiency of soil microbes; a low qCO2 indicates high efficiency. As the reclamation age increases, the survival pressure on soil microbes posed by the soil environment decreases; therefore, the qCO2 decreased gradually. This is in agreement with the conclusion of the analysis of the C/N ratio. Many studies have shown that the qCO2 gradually decreased as the SOC content or the MBC increased [22,39,68]. According to the theory of ecology, when soil microbes are subjected to environmental stress or disturbance, the energy needed to maintain their growth increases; therefore, the qCO2 increases. When the substrate carbon uptake is unchanged, this inevitably leads to a decrease in the MBC used for microbial growth, and the MQ decreases [69]. A combination of a soil’s MQ and qCO2 reflects environmental changes well and provides an important ecological and physiological index for assessing the quality and health of the soil [69]. In reclaimed soils, microbes may be subjected to stress due to the destruction caused by coal mining and the disturbance caused by the reclamation project; therefore, the qCO2 is relatively high and the MQ is relatively low. During agricultural use, the stress on the soil microbes gradually disappears as the disturbance disappears and the eco-environment is restored; therefore, the qCO2 decreases and the MQ increases. The lack of a substrate may limit the growth of microbial communities [70]. A change in a soil’s qCO2 may also reflect a change in microbial community structure [71,72]. Because fungi utilize substrates more efficiently (i.e., have a lower qCO2) than bacteria [73], the decrease in the qCO2 observed in the reclaimed mine soils may also be due to a decrease in the fungi/bacteria ratio. Therefore, further studies are needed to obtain an in-depth understanding of the mechanism underlying the change in the MQ and the qCO2 of reclaimed mine soils.




5. Conclusions


Time had a positive effect on the accumulation of SOC in reclaimed farmland in mining areas. Meanwhile, the soybean–wheat rotation, NPK fertilizer and wheat straw returning also played an important role. The SOC and TN contents both gradually increased with the reclamation age, but the relatively high pH and EC of the reclaimed soils needed further improvement. The total carbon content of the reclaimed soils did not significantly differ from and was even higher than that of the control farmland, particularly the SIC content. Moreover, the C/N ratio of the reclaimed soils was significantly lower than that of the control farmland and gradually decreased as the reclamation age increased. The supply of organic carbon became a major factor limiting the growth of soil microbes. The soil MBC content and MQ constantly increased, whereas the DOC/SOC ratio decreased as the reclamation age increased. The number and activity of soil microbes continued to increase, and the conversion from non-labile to labile organic carbon slowed down, which enhanced the capacity for accumulating SOC. Both the reclamation age and the temperature had positive effects on the SBR rate. The SBR rate increased constantly with the reclamation age and was significantly higher at 25 °C than at 15 °C. The temperature sensitivity (Q10) of the SBR rate markedly decreased with the reclamation chronosequence but, after 13 years of reclamation, was still higher than that of the control farmland. As the reclamation age increased, the stress of the soil environment on the soil microbes gradually decreased. In-depth studies are needed to further elucidate the mechanism of change in the MQ and qCO2, two important eco-physiological indicators for evaluating the quality and health of reclaimed mine soils.
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