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Abstract

:

Ecological restoration has a positive impact on global climate change. How plant-soil stores carbon in degraded grassland ecological restoration requires long-term monitoring and support. To reveal the dynamics of plant-soil carbon storage in the succession process of ecological restoration, compare the effects of artificial interference and natural restoration, and determine the impact of climate change and biodiversity on vegetation soil carbon storage, we conducted a study in National Grassland Natural Park, which is located on the southern foot of the Yinshan Mountains in Hohhot, Inner Mongolia, China. Based on long restoration chronosequences (2012–2022), using a space-for-time substitution approach and one-way ANOVA tests, Pearson correlation and structural equation modeling were used to investigate the interactions among these various factors. The results indicated that the carbon storage of aboveground vegetation first increased, and then, decreased with time. The underground root carbon storage and soil carbon storage at 0–10 cm and 20–30 cm first increased, then decreased, and finally, stabilized. The highest soil carbon storage (0–30 cm) was 102.11 t/ha in 2013, which accounted for 96.61% of the total organic carbon storage. The Shannon–Wiener index, individual number of species, and surface root carbon storage (0–10 cm) significantly increased the carbon storage of surface soil (0–10 cm) (p < 0.05). Compared to natural restoration, artificial restoration over seven years decreased soil carbon storage at 0–30 cm and underground root carbon storage at 0–10 cm (p < 0.05). Consequently, combining artificial restoration with natural restoration can help in establishing a more stable ecosystem faster and in increasing the carbon storage of the ecosystem. It is an effective management measure to promote grassland restoration in arid areas. Also, climate (MAT, MAP) change was closely correlated with plant-soil carbon storage.
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1. Introduction


Degraded land restoration will not only greatly improve the sustainability of the surrounding environment, increase species diversity, improve soil structure, increase soil fertility, increase productivity, and promote local agricultural production and socio-economic sustainable development, but also help mitigate the pressure of the carbon cycle due to global change [1,2]. Some studies have indicated that more than two billion hectares of degraded land and landscapes in the world have restoration potential, and the cost of the loss of species and ecosystem services accounts for about 10% of the global gross product per year [3]. The carbon cycle is an important part of the chemical cycle in terrestrial ecosystems [4,5]. It plays a crucial role in maintaining balance in the ecosystem [6]. It is a unique indicator that can be used to evaluate ecological processes and ecological restoration. The main objectives of damaged ecosystem restoration are to repair the carbon pool system, establish a new carbon cycle system in a region, circulate and flow the carbon pool, restore the carbon sequestration value of a site, and fulfill a site’s ecological service value and function [7]. Ecological restoration involves the restoration of the original ecological service value functions of natural ecosystems. Natural ecosystems provide services to humans that are essential for life. For example, they provide water, food, and air, which are necessary for survival, as well as playing a role in water conservation, soil conservation, windbreak and sand fixation services, air purification, the provision of biological habitats and recreational functions, and the reinforcement of socio-cultural attributes [8]. The impact of socioeconomic activities on the natural environment has led to its degradation to varying degrees [9].



Many researchers have investigated the global soil organic carbon pool [10]. Soil is the largest carbon pool in terrestrial ecosystems and stores two-thirds of the carbon of the entire terrestrial ecosystem, which is about thrice the plant carbon pool and twice the atmospheric carbon pool. Several researchers have investigated soil organic carbon dynamics, carbon accumulation, carbon storage, and the effects on the soil carbon pool from different ecological restoration modes [11,12,13,14,15], land use modes [16,17,18,19], disturbance modes [20], restoration years and phases [21,22,23], and management modes [24,25], for comparing the carbon storage and sequestration of different types of plant communities and vegetation carbon pool construction [26]. Several studies have elucidated the mechanism of the ecological restoration of abandoned cropland succession and degraded land on the Loess Plateau, investigated the dynamic characteristics of carbon sequestration and limiting factors [7], and estimated the potential of soil carbon sequestration in heavily degraded grasslands after complete restoration [27].



Grasslands are the largest organic carbon pool in terrestrial ecosystems, and the soil carbon pool in grassland ecosystems accounts for about 90% of the total carbon stock [13]. Ecological restoration is a dynamic and balanced process [28,29], where the main aim is the restoration of the function and state of the damaged system to its original condition. In this context, understanding the carbon cycle in the restoration process of damaged grasslands can be quite helpful. The change in the carbon stock during ecological recovery is an important ecological indicator and is closely associated with ecological service function after restoration [30]. Therefore, studying the aboveground, belowground, and soil carbon stock in the process of the recovery of damaged ecosystems is important. There is very little knowledge about the long-term vegetation development in grassland restoration. Long-term studies and chronosequence analyses would be necessary to evaluate the development of the vegetation, as well as ecosystem services and functions, on restored grassland [31]. We conducted a dynamic study for 11 years on carbon stock during the restoration process of the damaged areas of the Chilechuan Grassland. The purpose of this was to study the long-term succession effect of carbon storage after the ecological restoration of damaged ecosystems, compare the effect of natural restoration and artificial restoration, determine what factors affect soil carbon storage, and propose suggestions for improving carbon storage and ecological restoration models of degraded grasslands.




2. Materials and Methods


2.1. General Overview of the Study Area


The study area was located in the southern foothills of the Yinshan Mountains, Cilechuan Grassland, Nomatu Village, New District of Hohhot (40°55′08″ N, 111°52′12″ E), Inner Mongolia, China (Figure 1). It was rated as a national grassland natural park in 2020. This area lies in the middle temperate zone, has an arid and semi-arid continental monsoon climate, and is located at an altitude of 1135–1180 m. The area has an average annual temperature of 3.5–8 °C and an average annual precipitation of 337–418 mm. The study site was located in an alluvial fan area on the southern foothills of the Daqing Mountains, covering an area of 2000 ha. The area is sandy and gravelly, and the site is a sand and gravel quarry and abandoned wasteland. The main plants growing in the region include Leymus chinensis (Trin.) Tzvel. and Artemisia scoparia Waldst. et Kit., and native plants, such as Stipa capillata Linn., Pennisetum centrasiaticum, and other plants. The study was started in July 2012 with a trial area of 66.67 ha, which was gradually expanded to 2000 ha. The artificial recovery test area was maintained via fertilization, irrigation, mowing, and replanting. NPK compound fertilizer (140 kg/ha) was used after the grassland turned green. Irrigation was carried out according to natural precipitation conditions from May to August. There were no measures used in the natural recovery test area [32].



The plants that were seeded included Leymus chinensis (Trin.) Tzvel., Agropyron mongolicum Keng, Elymus dahuricus Turcz., Elymus sibiricus Linn., Leguminosae, Melilotus suaveolens Ledeb., and Lolium multiflorum Lam.



The water samples had a pH of 7.66 with a total salt content of 296 mg/L. The soil samples contained 12 g/kg soil organic matter [33], 51 mg/kg hydrolyzable nitrogen [34], 9.3 mg/kg Olsen-P [35], 480 mg/kg Olsen-K [36], and 1.19 g/kg total water-soluble salts [37], and had a pH of 7.97 [38]. The annual mean precipitation is 417.77 mm, and the annual mean temperature is 8.65 °C [39]. Details are shown in Figure 2.




2.2. Study Methods


2.2.1. Experimental Design


The experiment was started in May 2012 and ended in October 2022. Samples were monitored from 2012 to 2022. Three undisturbed areas (original sample plots), sustained artificially disturbed areas (1000 acres in extent, sustained disturbance after seeding), and artificially disturbed naturally restored areas (undisturbed after seeding) were selected at the study site in the 7th (2018) and 11th (2022) years of ecological restoration, respectively. Three points were selected in the west, north, and south of the Chilechuan grassland, and a sample line of 300 m was set up in the four directions of each point, with sample squares set up at 100 m intervals to conduct aboveground vegetation surveys, which were carried out in August of each year. The sample area was 1 m2, and plant height, cover, density, and biomass were measured (Table 1).




2.2.2. Sample Collection and Processing


	(1)

	
Aboveground biomass measurement method







The height, density, coverage, and species number of plants were measured in a 1 m × 1 m quadrat. Herbs were cut flush with the ground, weighed, and dried to obtain the dry weight. Then, the samples were crushed using a laboratory mill 3100 (machine type: Perten), passed through a 0.149 mm sieve, and stored until further use.



	(2)

	
Root determination







In each sample plot, underground root samples (0–30 cm) were collected using a root drill with an inner diameter of 7 cm. The samples were washed with groundwater and air-dried in the shade. Then, the samples were crushed using a laboratory mill 3100 (machine type: Perten), passed through a 0.149 mm sieve, and stored until further use.



	(3)

	
Soil survey and sampling







The root auger method was used to collect underground soil samples (0–30 cm) using a root auger (7 cm internal diameter) in each sample plot. The soil samples were brought to the laboratory, dried, and stored for use. The soil bulk weight was determined using the cutting ring method.



At each sample site (100 cm × 100 cm), random sampling was carried out at 3 points using a 7 cm diameter soil drill. Three soil layers were sampled at intervals of 0–10 cm, 10–20 cm, and 20–30 cm. The bagged soil samples were transported to the laboratory, where plant roots, gravel, and sundries were subsequently removed. The samples were then air-dried in the shade, powdered, and stored in a sealed bag after sieving through a 0.149 mm sieve [1,40,41].




2.2.3. Determination of Carbon (C) Content


The C content of the plants was determined by multiplying the respective biomass by its C content. The total stock of soil was calculated based on its C content, sample depth, and bulk density [42]. C concentrations of both plant and soil samples were determined using the elemental analyzer vario MACRO cube (Figure 3).




2.2.4. Data Processing


Data organization and calculation were performed in Microsoft Excel 2010. All analyses were performed using SPSS ver. 17.0 for Windows. Means and standard error (mean ± SD) were calculated for all data. One-way ANOVA tests were performed to compare the mean values of C storage in aboveground plants, underground roots, and soil among different years and soil layers. The significance level was set at p < 0.01 or 0.05 for all statistical analyses and indicates a significant difference among different treatments. A Pearson correlation analysis was performed. Structural equation modeling was conducted using the lavaan (version 06-16) and semplot (version 1.1.6) packages of R software (version 4.3.1), and was used to investigate the interactions among these various factors.



The calculation methods were as follows:


Important value: Pi = (Relative cover + Relative density + Relative plant height)/3



(1)






Species Richness Index: M = S/ln(N)



(2)






  Shannon - Wiener   Index :    H ′  = −   ∑  i = 1  S    p i  ln (  p i  )    



(3)






  Simpson   Index :   D =   ∑  i = 1  S    p i 2     



(4)






  Pielou   Index :    J ′  =   H ′   ln ( S )    



(5)






SC = BD × Cc/100 × D



(6)






CT = CAC + CRC + CS



(7)







Note: S is the number of species, Pi is the important value of species in the sample, and N is the number of individuals of all species in a plant community [1,43]. BD is the soil bulk density (g/cm3), Cc is the soil C concentration (%), and D is the soil sampling depth (cm). The ecosystem carbon storage was calculated by summing the total of each component (aboveground, roots, and soil) [42].






3. Results and Analyses


3.1. Carbon Stock Dynamics of Aboveground Vegetation in Different Restoration Years


The aboveground vegetation carbon stock first increased, and then, decreased with the duration of ecological restoration; we recorded a minimum of 0.11 t/ha in 2012 and a peak of 2.15 t/ha in 2013 (Figure 1). The results of LSD multiple variance comparisons showed a significant difference between the aboveground vegetation carbon stock in 2012 and 2013 (p < 0.01). The difference was not significant between 2013 and 2018, but a significant difference was found between 2018 and 2022 (p < 0.01). Details are shown in Figure 4.




3.2. Changes in Carbon Stocks in Belowground Root Systems in Different Restoration Years (0–30 cm)


The underground root carbon stock is an important component of the whole carbon pool. From 2012 to 2022, the carbon stock in the 0–10 cm underground root system before and after ecological restoration first increased (p < 0.05), and then, stabilized (Figure 5). The 0–20 cm underground root system reached a maximum of 1.10 t/ha in 2014, which was significantly different (p < 0.05) from the other years. A significant difference (p < 0.05) was recorded in the 0–30 cm underground root system between pre-ecological restoration (2012) and post-ecological restoration (2013–2022).




3.3. Changes in Soil Carbon Stocks in Different Years of Restoration (0–30 cm)


3.3.1. Soil Carbon Stocks (0–30 cm)


The 0–30 cm soil carbon stock first increased, then decreased, and finally, stabilized (Figure 6). Carbon stock in the 0–10 cm soil surface layer first increased, then decreased, and finally, stabilized. The difference between 2012–2014 and 2016–2022 was significant (p < 0.05). Carbon stock in the 0–20 cm soil layer differed significantly across 2012, 2013, and 2014. It also differed significantly across 2014, 2016, and 2018 (p < 0.05). Carbon stock in the 20–30 cm soil layer first increased, then decreased, and finally, stabilized; the highest carbon stock was recorded in 2013.




3.3.2. Plant Roots and Soil Carbon Stocks (0–100 cm)


The soil carbon stock in the 0–100 cm soil layer decreased with the increase in soil depth, and the soil carbon stock in the 0–10 cm, 10–20 cm, and 20–30 cm soil layers and aboveground plant parts and underground root system were positively correlated (Figure 7). The soil carbon stock increased with the increase in plant biomass and root biomass, and it decreased with the decrease in plant biomass and root biomass. In the pre-restoration period (2012 and 2013), the soil surface carbon stocks in the 0–10 cm soil layer were lower than that in the 10–20 cm and 20–30 cm layers. In 2014, with the accumulation of organic matter and soil carbon, the 0–10 cm soil carbon stocks were higher than the 10–20 cm and 20–30 cm soil carbon stocks.



The underground root biomass in the 0–100 cm layer decreased with the increase in soil depth. The maximum carbon stock was 0.33 t/ha in the 0–10 cm soil layer, and the carbon stock of the underground root system in the 0–10 cm layer was significantly different (p < 0.05) from that recorded in the other soil layers. The underground root carbon stock in the top 0–30 cm of soil was 0.55 t/ha, accounting for 60.33% of the root carbon stock in the 0–100 cm soil layer [44].





3.4. Total Carbon Stock with Different Recovery Years


The total carbon stock in the restoration area first increased, and then, decreased from 2012 to 2022, reaching a maximum of 105.69 t/ha in 2013 and a minimum of 54.62 t/ha in 2018 (Table 2). Soil carbon stock was the highest in 2013 (102.11 t/ha), accounting for 96.61% of the total organic carbon stock. The aboveground vegetation carbon stock was the highest in 2013 (2.15 t/ha), accounting for 2.03% of the total organic carbon stock. The underground root organic carbon stock was the highest in 2014 (3.72 t/ha), accounting for 4.98% of the total organic carbon stock.



Soil organic carbon stocks accounted for more than 92.92% of the total organic carbon stocks from 2012 to 2022, which indicated that the soil organic carbon stock was the largest carbon reservoir during ecological restoration. The aboveground plant carbon stocks and belowground root carbon stocks accounted for 3.80% and 4.98% of the total organic carbon stocks.




3.5. Carbon Stocks in Aboveground Vegetation with Different Restoration Methods


Under different restoration methods, the carbon stock of aboveground vegetation was not significantly different from that of native grassland in seven years of artificial restoration and natural restoration (Figure 8). The difference between the carbon stock of aboveground vegetation in 11 years of artificial restoration and native grassland was significant (p < 0.05).



Under different restoration methods, the carbon stock in the underground root system in the 0–10 cm soil layer was significantly different between seven years of artificial restoration and seven years of natural restoration, and between 11 years of artificial restoration and 11 years of natural restoration (p < 0.05) (Figure 9). The differences were not significant for the 10–20 cm and 20–30 cm soil layers.



Soil carbon storage in the 0–10 cm layer, for 7 and 11 years of artificial restoration, and for 11 years of natural restoration were significantly different from that recorded in native grasslands (p < 0.05) (Figure 10). We also found that 10–20 cm and 20–30 cm of artificial restoration for seven years was significantly different from native grassland, natural restoration for seven years, and artificial restoration for 11 years (p < 0.05).



The Shannon–Wiener index (H’), Simpson index, and Pielou evenness index were significantly negatively correlated with aboveground vegetation carbon stock (p < 0.01) (Table 3). These indices were negatively correlated with the 20–30 cm belowground root carbon stock (p < 0.01). The aboveground vegetation carbon stock was significantly correlated with the 20–30 cm underground root carbon stock (p < 0.05). The 0–10 cm soil carbon stock was significantly correlated with the Shannon–Wiener index (H’) (p < 0.05), the number of plants (p < 0.01), and the 0–10 cm plant root system (p < 0.05). The 0–10 cm soil carbon content was significantly correlated with the Shannon–Wiener index (H’) (p < 0.05), number of plants (p < 0.05), and 0–10 cm plant root system (p < 0.01).



The results of this study showed that the aboveground vegetation carbon stock and belowground root carbon stock were negatively correlated with diversity, which matched the results of a study by Yang Lucun [45]. The aboveground vegetation carbon stock and belowground root carbon stock were closely related. Plant diversity, the number of individuals of a species, and carbon stock in the surface root system (0–10 cm) significantly increased the carbon stock in the surface soil (0–10 cm) (p < 0.05).





4. Discussion


4.1. Community Succession and Changes in Carbon Stock


Ecological restoration succession is closely related to carbon stock [46]. Our findings suggested that overall ecological restoration was divided into two phases. The first phase was the artificial intervention phase (2012–2013), in which carbon stocks increased in the short term through artificial intervention measures. The aboveground vegetation carbon peaked in 2013 when grassland carbon stocks increased through artificial seeding and planting. The second stage was the natural succession stage after artificial intervention (2013–2022), during which the emergence of intraspecific competition, the self-thinning of plants, biomass growth, and continuous community succession occurred, and the carbon stock of aboveground vegetation first increased, and then, decreased with restoration time. As plant diversity increased, the soil carbon stock stabilized. Ou Yansheng et al. [21] investigated the soil carbon content of artificial grasslands across different restoration years in the hilly and gully areas of the Loess Plateau, and found that the soil organic carbon content of artificial grasslands increased with the increase in restoration years. They also found that the organic carbon content remained stable after eight years of restoration, which was similar to the results of this study.



Carbon stocks in the surface soil (0–10 cm) were significantly correlated (p < 0.05) with plant density, belowground root carbon stocks (0–10 cm), and diversity. The carbon stock of the underground root system (20–30 cm) was correlated with the carbon stock of aboveground plants. When the plant density was higher, the underground biomass was greater. Interspecies competition and community succession resulted in a decrease in the density of plants, and the underground biomass decreased accordingly. As the restoration time increased, the underground root system first increased, then decreased, and finally, stabilized. The underground root system carbon stock reached a peak value in 2014, which was one year later than that of the aboveground vegetation carbon stock in 2013 [47]; the underground root system carbon stock and the accumulation of biomass in the underground root system were correlated.




4.2. Impact of Artificial and Natural Restoration on Carbon Stocks


In the short term (1–3 years), the carbon sequestration rate of the ecosystem promoted by artificial restoration is significantly faster than that of natural restoration [48], and soil organic carbon increases significantly after artificial vegetation restoration and organic matter addition [49]. The direction and speed of artificial restoration are determined by the artificially constructed soil, sown plants and artificial ecological environment. The important role played by artificial interference is to create better conditions and environments for plants, animals and microorganisms to enable them to enter the natural succession state more quickly [50].



In the long term (7th and 11th years), the 0–30 cm soil carbon stock and 0–10 cm underground root carbon stock were significantly lower after seven years of artificial restoration than after seven years of natural restoration (p < 0.05) (Figure 9 and Figure 10). After 11 years of artificial restoration, aboveground carbon storage was lower than that of natural restoration (p < 0.05) (Figure 8). Therefore, over a long period of ecological restoration, the carbon storage of artificial restoration is lower than or equal to that of natural restoration. The succession of natural vegetation shows more and more ecological adaptability and stability [51].



A good ecological restoration policy will not only have a good ecological effect, but also reduce the huge investment in ecological restoration funds. China’s “mountains and rivers” ecological engineering uses both natural restoration and artificial restoration, and makes efforts to find the best solution for ecological protection and restoration according to local conditions [52]. Natural restoration generally refers to achieving the goal of ecological restoration without or with minimal artificial intervention [53]. Continuous artificial disturbance reduces carbon storage, is not conducive to the stability of plant communities, and at the same time generates more capital investment. In the process of ecological restoration practice, short-term artificial restoration should be combined with long-term natural succession, which has a long-term effect on grassland ecological restoration [44].




4.3. Effects of Ecological Restoration on Soil Carbon Storage


Soil carbon stock accounted for more than 92.92% of the total organic carbon stock, which indicated that soil carbon stock is the largest carbon reservoir (Table 2). Thus, improving soil carbon stock is extremely necessary for ecological restoration. Plant diversity strongly affected the grassland productivity and soil C in [54]. The soil carbon stock in the 0–10 cm soil layer was significantly and positively correlated with the Shannon–Wiener index (H’) (p < 0.05); greater biodiversity was associated with higher soil carbon stock in the top layer of soil (0–10 cm). Therefore, combined with the results of the previous study, we can increase soil carbon storage through two measures. Firstly, the introduction and selection of plants in the preliminary stage can greatly influence the accumulation of soil carbon stocks in degraded ecosystems. Herbaceous plants with large biomass provide more carbon stock value. Thus, during the pre-plant selection process, annual plants with large biomass can be utilized more. Specifically, annual plants, plants with high carbon sequestration capacity, and plants with high carbon content become the targets of selection. After the completion of the growth cycle, the apomictic and aboveground parts of annual plants are retained and enter into the soil through decomposition and the underground root system. The underground root system is retained in the soil and preserved in the soil carbon pool through the decomposition of microorganisms, which contributes to the accumulation of the carbon pool during the restoration of vegetation and increases the size of the soil carbon pool. This carbon pool becomes the most basic nutrient reserve in the early stage of ecological restoration and provides more nutrients for the survival of animals and microorganisms in the soil, which can help to rapidly increase the soil carbon pool in infertile soil and ensure the initiation of the natural restoration process. Secondly, the carbon sequestration effect of soil can be increased by increasing species diversity through natural succession, and grassland vegetation can be naturally renewed and restored, which can effectively increase the carbon sequestration of vegetation, restore the original ecosystem, and further exert the ecological functions of the grassland ecosystem.



The difference between the soil surface carbon stock (0–10 cm) and native grassland carbon stock in seven years of artificial restoration, 11 years of artificial restoration, and 11 years of natural restoration was substantial (Figure 10), which showed that soil needed a longer period of restoration to approach the natural state.




4.4. Effects of Plant Diversity and Climate on Soil Carbon Stocks


In the long-term recovery process, both artificial and natural recovery will be affected by climate (Figure 11). The results of our study showed that from 2012 to 2022, the regional average annual temperature increased by 3.3 °C. An extreme drought occurred in 2022, and the average annual precipitation was only 254.3 mm, which was 311.9 mm lesser than that recorded in 2012 (Figure 2). Climatic factors directly affect the accumulation of carbon stocks, and short-term recovery can increase carbon stocks. Long-term carbon stocks are determined by a combination of multiple factors, such as climatic conditions (temperature and precipitation). The greenhouse effect exacerbates the increase in soil temperature, which can promote microbial activity and the accelerated decomposition of organic carbon. However, changes in the quantity of water available as the temperature increases can lead to different outcomes. Thus, it is a complex and multifaceted system. Some studies have shown that carbon density significantly decreases with an increase in temperature and increases with an increase in precipitation. Xin Xiaoping investigated grassland carbon stock and found that climatic factors influence carbon stock more [55].



Above all, the long-term monitoring of ecosystem restoration succession should be strengthened in the process of damaged ecosystem restoration practice. Short-term artificial intervention and long-term natural restoration should be combined to increase biodiversity and improve ecosystem stability to increase carbon storage.





5. Conclusions


	(1)

	
The carbon stock changed over time during the ecological restoration of damaged sites. Overall, it first increased, then decreased, and finally, stabilized.




	(2)

	
Soil carbon stocks accounted for more than 92.92% of the total organic carbon stocks, making it the largest carbon pool. The surface soil (0–10 cm) carbon stock was significantly correlated with the density of plants, underground root carbon stock (0–10 cm), and diversity.




	(3)

	
Artificially restored plant communities contributed more to plant-soil carbon stock in the early stage of restoration and prepared for natural succession. In the later stage of ecological restoration, the natural restoration stage was more adaptable to the environment. The combination of artificial intervention and natural restoration can help establish a stable ecosystem faster and more effectively, and is an economic and effective measure of ecological restoration.
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Figure 1. Study area. Note: NG—native grassland; AR—artificial recovery; NR—natural recovery. (A) Inner Mongolia, China; (B) Location and environment of Sampling point, Hohhot (DEM); (C) Sample plots. 
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Figure 2. Mean annual temperature and precipitation. 
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Figure 3. Experimental procedures. 
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Figure 4. Aboveground biomass from 2012 to 2022. Note: Different lowercase letters (a, b, and c) indicate significant differences in different years at the 0.05 level. 
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Figure 5. Underground root carbon storage from 2012 to 2022. Note: Different lowercase letters (a and b) indicate significant differences in different years at the 0.05 level. 
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Figure 6. Carbon storage in the 0–30 cm soil layer from 2012 to 2022. Note: Different lowercase letters (a, b, and c) indicate significant differences in different years at the 0.05 level. 
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Figure 7. Carbon storage in the 0–100 cm underground roots and soil from 2012 to 2022 (kg/hm2). 
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Figure 8. Carbon storage in aboveground vegetation in different restoration years. Note: NG—native grassland; AR-7—artificial recovery for 7 years; NR-7—natural recovery for 7 years; AR-11—artificial recovery for 11 years; NR-11—Natural recovery for 11 years. Different lowercase letters (a and b) indicate significant differences in different years at the 0.05 level. 
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Figure 9. Carbon storage in roots in different restoration years. Note: NG—native grassland; AR-7—artificial recovery for 7 years; NR-7—natural recovery for 7 years; AR-11—artificial recovery for 11 years; NR-11—natural recovery for 11 years. Different lowercase letters (a and b) indicate significant differences in different years at the 0.05 level. 
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[image: Sustainability 15 15837 g009]







[image: Sustainability 15 15837 g010] 





Figure 10. Carbon storage in soil in different restoration years. Note: NG—native grassland; AR-7—artificial recovery for 7 years; NR-7—natural recovery for 7 years; AR-11—artificial recovery for 11 years; NR-11—natural recovery for 11 years. Different lowercase letters (a and b) indicate significant differences in different years at the 0.05 level. 
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Figure 11. Structural equation modeling [39]. Chisq = 76.879, p = 0.000, gfi = 0.851, cfi = 0.945, rmr = 0.089, srmr = 0.090, rmsea = 0.115. Note: MAT—annual mean temperature; MAP—annual mean precipitation; SC—soil carbon stock; RC—underground root carbon stock; AC—aboveground vegetation carbon; SW—Shannon–Wiener’s index; SP—Simpson’s index; N—number of individuals; Y—aboveground vegetation carbon stock; R1—0–10 cm underground root carbon stock; R2—10–20 cm underground root carbon stock; R3—20–30 cm underground root carbon stock; T1—0–10 cm soil carbon stock; T2—10–20 cm soil carbon stock; T3—20–30 cm soil carbon stock; C1—0–10 cm soil layer carbon content; C2—10–20 cm soil carbon content; C3—20–30 cm soil carbon content; Solid yellow lines and solid red lines indicate the significant positive and negative effects, respectively. Dotted yellow lines indicate the nonsignificant effects. 
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Table 1. Experimental design.
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Experimental Design

	
Year/

Recovery Method

	
Soil

	
Plant

	
Measurement Frequency




	
Layer

	
Measurement Content

	
Layer

	
Measurement Content






	
Temporal succession

experiment

	
2012

	
0–10 cm

10–20 cm

20–30 cm

	
T1, T2, T3

C1, C2, C3

	
Aboveground biomass

Underground roots

	
M, SW, PI, SP, Y, N

R1, R2, R3

	
Once

every year




	
2013




	
2014




	
2016




	
2018




	
2022




	
Recovery method

experiment

	
Native grassland

	
Ecological restoration in the 7th and 11th years




	
Artificial recovery




	
Natural recovery











 





Table 2. Carbon storage in the 0–30 cm soil layer from 2012 to 2022 (t/ha).
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	Year
	Soil Carbon Storage
	Proportion
	Aboveground Carbon Storage of Vegetation
	Proportion
	Carbon Storage in Underground Roots of Vegetation
	Proportion
	Total





	2012
	78.98
	99.23%
	0.11
	0.14%
	0.50
	0.63%
	79.60



	2013
	102.11
	96.61%
	2.15
	2.03%
	1.44
	1.36%
	105.69



	2014
	69.34
	92.92%
	1.57
	2.10%
	3.72
	4.98%
	74.63



	2016
	52.51
	94.76%
	2.10
	3.80%
	0.80
	1.44%
	55.41



	2018
	53.53
	93.85%
	1.41
	2.48%
	2.09
	3.67%
	57.04



	2022
	55.92
	94.57%
	0.68
	1.15%
	2.53
	4.28%
	59.13










 





Table 3. Correlation of plant-soil carbon stocks with plant diversity and number of individuals.
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	M
	SW
	SP
	PI
	N
	Y
	R1
	R2
	R3
	T1
	T2
	T3
	C1
	C2
	C3





	M
	1
	0
	0.002
	0.06
	0
	0.692
	0.313
	0.665
	0.38
	0.247
	0.151
	0.177
	0.558
	0.286
	0.968



	SW
	0.650 **
	1
	0
	0
	0
	0.041
	0.536
	0.128
	0.006
	0.013
	0.915
	0.432
	0.025
	0.133
	0.024



	SP
	0.587 **
	0.991 **
	1
	0
	0
	0.029
	0.437
	0.12
	0.005
	0.051
	0.944
	0.387
	0.066
	0.203
	0.054



	PI
	0.373
	0.932 **
	0.950 **
	1
	0.023
	0.002
	0.459
	0.074
	0.001
	0.136
	0.914
	0.51
	0.121
	0.263
	0.061



	N
	0.991 **
	0.538 **
	0.485 **
	0.291 *
	1
	0.69
	0.44
	0.587
	0.605
	0.005
	0.972
	0.526
	0.048
	0.175
	0.147



	Y
	−0.09
	−0.271 *
	−0.289 *
	−0.406 **
	0.054
	1
	0.584
	0.428
	0.032
	0.871
	0.111
	0.257
	0.788
	0.37
	0.321



	R1
	0.22
	−0.084
	−0.105
	−0.1
	−0.104
	−0.075
	1
	0.001
	0.174
	0.048
	0.133
	0.21
	0.006
	0.302
	0.926



	R2
	−0.096
	−0.204
	−0.209
	−0.239
	−0.074
	0.108
	0.439 **
	1
	0
	0.38
	0.168
	0.467
	0.053
	0.137
	0.933



	R3
	−0.197
	−0.363 **
	−0.368 **
	−0.423 **
	−0.071
	0.289 *
	0.184
	0.662 **
	1
	0.97
	0.135
	0.023
	0.677
	0.456
	0.865



	T1
	0.252
	0.323 *
	0.258
	0.198
	0.367 **
	0.022
	0.263 *
	0.119
	0.005
	1
	0.019
	0.476
	0
	0
	0



	T2
	−0.309
	0.014
	0.009
	0.014
	0.005
	0.213
	−0.201
	0.185
	0.202
	0.307 *
	1
	0
	0
	0
	0



	T3
	−0.292
	−0.105
	−0.116
	−0.088
	−0.085
	0.153
	−0.168
	0.098
	0.304 *
	0.095
	0.595 **
	1
	0.191
	0.001
	0



	C1
	0.129
	0.295 *
	0.243
	0.206
	0.261 *
	0.036
	0.363 **
	0.257
	0.057
	0.853 **
	0.496 **
	0.174
	1
	0
	0



	C2
	0.238
	0.203
	0.173
	0.152
	0.184
	0.123
	0.142
	0.203
	0.104
	0.659 **
	0.928 **
	0.447 **
	0.796 **
	1
	0



	C3
	0.01
	0.315 *
	0.271
	0.264
	0.206
	0.143
	−0.014
	0.012
	0.025
	0.774 **
	0.778 **
	0.948 **
	0.750 **
	0.850 **
	1







Note: Upper triangle is the p-value at a significant level, lower triangle is the correlation coefficient; M—Margalef’s richness index; SW—Shannon–Wiener’s index; PI—Pielou’s evenness index; SP—Simpson’s index; N—number of individuals; Y—aboveground vegetation carbon stock; R1—0–10 cm underground root carbon stock; R2—10–20 cm underground root carbon stock; R3—20–30 cm underground root carbon stock; T1—0–10 cm soil carbon stock; T2—10–20 cm soil carbon stock; T3—20–30 cm soil carbon stock; C1—0–10 cm soil layer carbon content; C2—10–20 cm soil carbon content; C3—20–30 cm soil carbon content; **—0.001–0.01 significant correlation; *—0.01–0.05 significant correlation.
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