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Soil carbon pools are important for maintaining the stability of the carbon cycle in terrestrial ecosystems and regulating climate change. However, it is not clear how soil carbon pools change under different vegetation restoration types at high altitudes during frequent seasonal freeze-thaws (FTs). Therefore, we studied the seasonal FT variability (before freezing, early stages of freezing, stable freeze stage, thawing stage) of soil organic carbon (SOC), microbial biomass carbon (MBC), dissolved organic carbon (DOC), and easily oxidized organic carbon (EOC) under three vegetation restoration types (Grassland, GL; Caragana korshinskii, CK; Xanthoceras sorbifolia, XS) on the Longzhong Loess Plateau region. We found that during the seasonal FT, the 0–40 cm SOC, MBC, DOC, and EOC contents were higher in XS vegetation than in GL and CK vegetation, but the sensitivity index of SOC was lower in XS vegetation (sensitivity index = 2.79 to 9.91). In the 0–40 cm soil layer, the seasonal FT process reduced the MBC content and increased the DOC content in the three vegetation soils. Meanwhile, DOC and EOC contents accumulated obviously in the stable freezing period and decreased significantly in the thawing period. We also found that the SOC, MBC, DOC, and EOC contents were higher in the surface soils (0–10 cm) than in the underlying soils (10–20 and 20–40 cm), while the sensitivity of the soil carbon pool fractions to seasonal FT processes differed considerably between soil depths. Redundancy analysis (RDA) showed that soil total nitrogen, temperature, total phosphorus, and soil water content were important environmental factors influencing soil carbon pool fractions during seasonal FT. This study suggested that in the Longzhong Loess Plateau region, soil MBC and DOC were more susceptible to seasonal FT phenomena and that the soil system of the Xanthoceras sorbifolia vegetation had a stronger soil C sequestration function during the seasonal FT process.
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Introduction

The relationship between carbon cycling in terrestrial ecosystems and global climate change has become one of the topics of widespread interest in disciplines such as soil science and environmental ecology (Man et al., 2018; Luo et al., 2020). Soil carbon pools are often considered to be one of the most important carbon pools on Earth, as the carbon stored in soils far exceeds the total carbon in vegetation and the atmosphere (Carvalhais et al., 2014). Soil carbon pools are therefore important for maintaining the stability and ecological balance of terrestrial ecosystem carbon pools and regulating climate change (Malcolm et al., 2009; Man et al., 2018). Soil organic carbon (SOC) is an important source and sink of atmospheric carbon dioxide (CO2), and its content maintains the soil-atmosphere carbon balance and can evaluate soil health, carbon pool changes, and carbon cycle processes (Liu et al., 2020; Ma et al., 2020a). However, SOC is composed of a variety of reservoirs with varying degrees of sensitivity to the external environment, including labile and recalcitrant carbon pools (Guo et al., 2018; Wang et al., 2020a). Among these, soil labile carbon pools such as microbial biomass carbon (MBC), dissolved organic carbon (DOC), and easily oxidized organic carbon (EOC), which can directly participate in soil biochemical transformation processes (Wu et al., 2020). It can be used to reflect the characteristics of changes in soil quality and carbon pools caused by small changes in the external environment (Guo et al., 2018). Therefore, the study of soil labile carbon pools is of great significance to clarify the dynamics of soil carbon pools and to further understand the carbon cycling processes in terrestrial ecosystems.

Seasonal freeze-thaw (FT) is a physical and geological natural phenomenon in which soil water undergoes more frequent phase changes during seasonal transitions due to cyclical changes in ambient temperature (Chou and Wang, 2021). It is widespread at mid to high latitudes and altitudes around the world and is particularly pronounced at high altitudes in northeast and northwest China (Bo et al., 2021; Huang et al., 2021). As an abiotic stress in soils (Cheng and Wu, 2007), FT first occurs in the topsoil and gradually extends to the subsoil (Liang et al., 2021). This process has a potentially important impact on the carbon cycle of the soil (Guo et al., 2018; Huang et al., 2021). Vegetation plays an important role in the terrestrial carbon cycle (Malcolm et al., 2009; Wilkinson and Sherratt, 2016), but seasonal FT processes affect soil moisture distribution and directly influence vegetation growth activity (Bo et al., 2021). Studies have shown differences in the buffering effect of vegetation types on soil FT phenomena (Xiao et al., 2019; Bo et al., 2021). Among them, forest systems had a higher buffering adaptation capacity to soil temperature under FT than grassland (Bo et al., 2021), and forest SOC was more sensitive than grassland in response to FT (Xiao et al., 2019). Also, FT processes in the soil significantly increased anaerobic respiration in soils (Koponen et al., 2006), inhibited the mineralization of OC in soils (Bo and Brandt, 2003), and further increased soil DOC content and reduced soil MBC content (Li et al., 2019). Therefore, understanding the seasonal FT variation of soil carbon pools under different vegetation types is of great significance to improve the study of the regional carbon cycle.

The Longzhong Loess Plateau is located in the arid and semi-arid region of northern China and is an important part of the Loess Plateau, which is one of the most ecologically fragile areas in the world due to its high altitude and severe soil erosion phenomenon (Deng et al., 2018). However, in the context of global climate change, influenced by geographical location, soil texture, and climate, the region exhibits significant seasonal FT from late autumn to early spring each year (Bo et al., 2021). Numerous studies have revealed that the effects of FT cycling processes on soil properties in different areas of the Loess Plateau vary depending on the type of vegetation (Ye and Li, 2018; Wang et al., 2019; Bo et al., 2021; Liu et al., 2021a). Studies have shown that arboreal land soils freeze later than bare land (Bo et al., 2021) and that dam farmland was better able to retain soil moisture during FT, resulting in higher water migration and increment in the soil than slope farmland (Wang et al., 2019). Other studies have shown that FT cycling processes weaken soil shear strength (Liu et al., 2021a) and disrupt the internal soil microstructure (Ye and Li, 2018; Liu et al., 2021a), which in turn affects soil carbon stocks and carbon cycling processes in the region (Bo and Brandt, 2003; Li et al., 2019; Xiao et al., 2019). Over the past few decades, a project known as “the Conversion of Farmland to Forests and Grasses Program” has been put into place in this region to efficiently manage soil erosion and realize ecological restoration and its virtuous cycle (Yang et al., 2022a). During the revegetation process in this area, a large amount of sloping land was abandoned for natural recovery or converted to grassland and tree shrub forest (Xiao et al., 2019). It has been pointed out that vegetation restoration is an important measure to obtain ecological benefits, effectively increasing biodiversity (Deng et al., 2019; Yan et al., 2019), changing soil properties (Williams-Linera et al., 2021; Zhao et al., 2022), and significantly affecting the composition and function of regional ecosystems (Fu et al., 2020). However, the combination of external factors has produced a change in surface vegetation cover during the restoration process for different vegetation types (Feng et al., 2022). This change also represents, to some extent, the growth trend and condition of the vegetation (Feng et al., 2022). At the same time, vegetation can provide organic carbon to soil systems through exudation from surface plant litter and underground root secretions, thereby enhancing SOC stocks (Wang et al., 2020a). However, differences in the selection of restored tree species have led to differences in the recovery of its components (biodiversity, richness) during the long-term restoration of vegetation, resulting in large differences in surface vegetation composition, plant diversity, and community structure characteristics (Engel and Abella, 2011; Yang et al., 2017; Fu et al., 2020). This difference further results in differences in the amount and type of litter and roots produced by different vegetation restoration types (Feng et al., 2022; Sui et al., 2022), thus altering the SOC content and the transformation trends of the associated pools of organic carbon (Wang et al., 2020a). Studies have shown that forest systems with a complex composition of surface species have a higher capacity for soil water retention and insulation than grasslands (Bo et al., 2021), while their well-developed root systems relax soil compaction, alter soil physical properties (Buyer et al., 2016; Yang et al., 2022b) and provide rich plant and animal residues to the soil. In addition, the density and structure of the underground plant root system also affect the sensitivity of the soil to external hydrothermal conditions (Poulos et al., 2007; Singh et al., 2011), resulting in differences in soil ecosystem carbon cycling processes between vegetation types. However, little is known about how carbon pools in the soil of different vegetation restoration types change during seasonal FT in the context of global climate change in one of the most ecologically fragile regions in the world (the Longzhong Loess Plateau).

To fill the knowledge gap, this study investigated the characteristics of SOC, MBC, DOC, and EOC in the soil profiles of three typical vegetation restoration types (Grassland, GL; Caragana korshinskii, CK; Xanthoceras sorbifolium, XS) on the Longzhong Loess Plateau during seasonal freezing and thawing. Our specific research objectives were (a) to study the dynamic changes in SOC, MBC, DOC, and EOC in soil profiles of different vegetation restoration types during seasonal FT; (b) to identify the main environmental factors affecting the changes in soil carbon pools during seasonal FT. We hypothesized that: (1) there are differences in the patterns of change in SOC, MBC, DOC, and EOC during seasonal freezing and thawing between different vegetation restoration types due to differences in surface vegetation types and external environmental influences, and (2) there is a significant delay in the influence of the external environment on the carbon pools of the soil profile, making the response of the surface SOC, MBC, DOC, and EOC to seasonal freezing and thawing significantly different from that of the underlying soil.



Materials and methods


Study area

The study area (104°12′48″–105°01′06″ E, 35°17′54″–36°02′40″ N) is located in the experimental monitoring area of the Institute of Soil and Water Conservation Science, Dingxi City, Gansu Province, China. The area is part of the Anjiagou watershed, with a watershed area of 8.56 km2 and a watershed elevation between 2,100 and 2,250 m, which is typical of the high-altitude area of the Longzhong Loess Plateau (Wang et al., 2020a). The climatic characteristics of the basin are typical of a mid-temperate semi-arid climate (Yang et al., 2022a), with an average annual precipitation of 386.70 mm, mainly concentrated between July and September, accounting for about 52.7% of the total annual precipitation (Figure 1). The area has a large annual temperature difference (mean annual temperature of 6.3°C), with frequent natural phenomena of drought, frost, and seasonal soil freezing and thawing (Bo et al., 2021). Soil types in the basin are dominated by typical loess. The area was deforested and cleared before the 1990s, and in 1999, the Conversion of Farmland to Forests and Grasses Program was introduced, planting mainly trees, shrubs, and herbs in a 1:2:7 ratio (Wang et al., 2020a; Yang et al., 2022a). At present, the types of artificial vegetation restored in the area include herbaceous plants such as Gramineae, and Leguminosae, as well as silvicultural species such as Caragana korshinskii and Xanthoceras sorbifolium. Among them, Caragana korshinskii vegetation is a common afforestation species in the restoration of the Loess Plateau (Bo et al., 2021). Xanthoceras sorbifolia vegetation is a native species with high economic and ecological value in the watershed, with a planting area in China of more than 170,000 ha (Ma et al., 2020b; Wang et al., 2020a).
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FIGURE 1
Mean monthly maximum and minimum air temperatures (lines) and monthly precipitation (bars) for 1998–2018 at the study site. The error bars indicate standard errors.




Experimental design

Through automatic measurements of meteorological data (1998–2018) for the experimental area by the meteorological observatory of the Institute of Soil and Water Conservation in Dingxi, Gansu Province, China (Figure 1), the air minimum temperature in the area was below 0°C from November to March each year. Therefore, at the end of October 2019, we selected three typical vegetation restoration experimental areas (Grassland, GL; Caragana korshinskii, CK; Xanthoceras sorbifolia, XS) with similar soil types and soil disturbance histories in the region (Table 1; Wang et al., 2020a; Yang et al., 2022a). A GS3 temperature and humidity sensor (METER Group, Pullman, WA, USA) was set up in each experimental area to automatically monitor and collect soil temperatures from 0 to 40 cm (0–10, 10–20, and 20–40 cm) every 30 min (Figure 2). A completely randomized design was used, with three randomly selected plots (8 × 8 m) within each experimental area, with a buffer zone of greater than 5 m between plots. We measured the physical properties of the soil at 0–40 cm in the sample plots in July 2019 (before the experiment) (Table 2).


TABLE 1    Dominant species composition and land disturbance history of different vegetation restoration types.
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FIGURE 2
Soil temperature (ST) records for each soil layer from 0 to 40 cm below ground for GL [(A–C); Grassland], CK [(D–F); Caragana korshinskii], and XS [(G–I); Xanthoceras sorbifolia] experimental samples.



TABLE 2    Physical properties of 0–40 cm soil in the sample plots.
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Soil sampling

We divided the FT periods and growing seasons based on the classification of FT periods and growing seasons by related scholars (Guo et al., 2010; Wei et al., 2011; Liu et al., 2013; Chen et al., 2020), and based on actual monitoring information of soil temperature at 0–40 cm in the experimental sample plots from 20 October 2019 to 31 March 2020 (Figure 2; Table 3). The sampling period covered the entire course of change at the sample site: the freezing phase: before freezing (BF, 27 October 2019), early stages of freezing (EF, 18 November 2019), stable freeze stage (SF, 12 January 2020); and the thawing phase: thawing stage (TS, 5 March 2020).


TABLE 3    Classification of each period of sampling time and basis of division.
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Soil freezing and thawing mainly affect changes in the moisture phase of the soil profile, and the 0–40 cm soil layer is often considered to be the active layer of moisture change (Yue et al., 2015). Also, factors such as temperature and light have a strong influence on the soil in the 0–40 cm depth range (Zhang et al., 2019a). Therefore, we sampled the 0–40 cm soil layer in layers (0–10, 10–20, and 20–40 cm) at each stage of seasonal FT through an SK-J petrol-powered soil sampler (50 mm diameter), selected at five sample points in each small sample plot according to the S-sampling method. After removing the debris from the soil samples, the same layer of soil from the same vegetation was mixed into one mixed soil sample and labeled to obtain a total of 36 (3 × 3 × 4) soil samples, which were taken back to the laboratory and stored in a refrigerator at 4°C. While collecting soil samples, soil temperature (ST) data were collected from 0 to 40 cm using a portable digital thermometer (JM624, Jinming Instrument Co., Tianjin, China) for monitoring.



Soil analysis

In July 2019 (before the experiment), we determined soil pH (soil-water ratio = 1:2.5) (Mao et al., 2016), soil bulk density, field capacity, and capillary porosity (Zhang et al., 2019b), respectively, according to the methods of previous studies. Moreover, at each seasonal FT stage, soil water content (SWC) was determined using the fresh soil drying method (Zhang et al., 2019b); soil total nitrogen (TN) was determined by the Kjeldahl method, and soil total phosphorus (TP) was determined by the molybdenum colorimetric method (Zhang et al., 2019b). We determined the sucrase and amylase activities by the 3, 5-dinitrosalicylic acid colorimetric method using sucrose solution and soluble starch as substrates, respectively (Wang et al., 2020a). SOC was determined by external heating with potassium dichromate (Zhang et al., 2019b). MBC was determined by chloroform fumigation extraction (Nie et al., 2016). DOC was determined by potassium sulfate extraction with external heating with potassium dichromate (Ma et al., 2020a). EOC was determined by oxidation with 333 mmol⋅L–1 KMnO4 solutions (Xu et al., 2021).



Sensitivity index value calculation

Using the content of SOC, MBC, DOC, and EOC for each vegetation restoration type at the BF stage as a reference, the sensitivity index (SI) for each indicator was calculated for each soil layer (0–10, 10–20, and 20–40 cm) during seasonal FT using the following equation (Dou et al., 2008; Priyanka and Anshumali, 2018):
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where C is the content of SOC, MBC, DOC, and EOC during seasonal FT; CCK is the reference (BE stage) SOC, MBC, DOC, and EOC content.



Statistical analysis

Differences in soil physicochemical properties, soil carbon pools (i.e., SOC, MBC, DOC, and EOC), and SI values between vegetation restoration types, soil depths, and seasonal FT processes were analyzed by the LSD multiple variance test in SPSS 25.0 (n = 3; significance level of 95%, P < 0.05). The effects of the interaction of vegetation type, seasonal FT, and soil depth on SOC, MBC, DOC, and EOC were analyzed using the Two-Way ANOVA. The relationships between soil-related environmental factors (i.e., SWC, ST, TN, TP, C/N, C/P, sucrase, and amylase), and SOC, MBC, DOC, and EOC were also explored by redundancy analysis (RDA) and Pearson correlation analysis using Canoco 5.0 and Origin2022 software.




Results


Seasonal freeze-thaw dynamics of soil environmental factors under different vegetation restoration types

The seasonal FT dynamics of the 0–40 cm soil environmental factors (SWC, TN, TP, Sucrase, and Amylase) varied significantly under different vegetation restoration types (Table 4). Compared to the BF phase, the three vegetation species significantly reduced the TP content and increased the Sucrase content in the soil during seasonal FT (P < 0.05). As the seasonal FT process progressed, the soil TN and Amylase content reached a maximum in the SF stage, significantly higher than 50.45 and 27.27% in the BF stage, respectively (P < 0.05). Moreover, there was a significant increase in the soil SWC of the three vegetation types in the EF and TS stages, and a significant increase of 25.67 to 203.16% in the EF stage compared to the BF stage (P < 0.05).


TABLE 4    Characteristics of changes in soil environmental factors in 0–40 cm under different vegetation restoration types during seasonal freeze-thaw (FT).
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Seasonal freeze-thaw dynamics of soil carbon pools under different vegetation restoration types

The content of SOC, MBC, DOC, and EOC varied significantly (P < 0.05) during seasonal FT dynamics under different vegetation restoration types (Figure 3). In the 0–40 cm soil layer, the SOC, MBC, DOC, and EOC content of XS vegetation was overall higher than that of GL and CK vegetation during seasonal FT, and the dynamics of its SOC content were more stable (Figures 3A–D). Compared to the BF phase, the seasonal FT process significantly reduced the MBC content of the soil (P < 0.05) (Figure 3B), and increased the DOC content (Figure 3C). As the seasonal FT process progressed, the soil EOC content showed a trend of increasing and then decreasing (Figure 3D) and reached its highest value (mean = 3.80 g⋅kg–1) during the SF phase. A two-way ANOVA analysis showed significant interactions between seasonal FT processes and vegetation restoration type on SOC, MBC, DOC, and EOC in all the samples measured (Figure 3).
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FIGURE 3
Seasonal freeze-thaw (FT) dynamics of SOC [(A); Soil organic carbon], MBC [(B); Microbial biomass carbon], DOC [(C); Dissolved organic carbon], and EOC [(D); Easily oxidized organic carbon] contents in 0–40 cm soil layers under different vegetation restoration types. GL, Grassland; CK, Caragana korshinskii; XS, Xanthoceras sorbifolia; BF, Before freezing; EF, Early stages of freezing; SF, Stable freeze stage; TS, Thawing stage. VT, SFT denote Type of vegetation restoration, Seasonal FT processes. Error bars indicate standard error of the mean (n = 3). According to the LSD multiple variance test, different capital letters indicate significant differences between seasonal FT processes for each indicator under the same vegetation type; different lowercase letters indicate significant differences between vegetation types under the same seasonal FT process (P < 0.05).


The SOC, MBC, EOC, and DOC content gradually decreased with increasing soil depth under all three vegetation types (Figure 4). Moreover, there were large spatial differences in soil profile variation in the content of SOC, MBC, DOC, and EOC during seasonal FT (Figure 4). In the 0–10 cm soil layer, the SOC, DOC, and EOC contents under all three vegetation types showed a rising and then falling trend during seasonal FT and reached a maximum during the SF phase [SOC (mean = 14.26 g⋅kg–1), DOC (mean = 575.31 mg⋅kg–1), EOC (mean = 5.13 g⋅kg–1)] (Figure 4). However, in the 10–20 cm and 20–40 cm soil layers, the pattern of change in SOC content during seasonal freezing and thawing was significantly different from that of the surface layer (0–10 cm) (Figure 4A). Also in the 20–40 cm soil layer, the patterns of change in soil MBC and DOC content during seasonal FT differed significantly from those in the 0–20 cm soil layer (Figures 4B,C). A two-way ANOVA analysis showed significant interactions between seasonal FT processes and soil depth on SOC, MBC, DOC, and EOC in all the samples measured (Figure 4).
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FIGURE 4
Seasonal freeze-thaw (FT) dynamics of SOC [(A), Soil organic carbon], MBC [(B), Microbial biomass carbon], DOC [(C), Dissolved organic carbon], and EOC [(D), Easily oxidized organic carbon] contents in each soil layer from 0 to 40 cm under different vegetation restoration types. GL, Grassland; CK, Caragana korshinskii; XS, Xanthoceras sorbifolia; BF, Before freezing; EF, Early stages of freezing; SF, Stable freeze stage; TS, Thawing stage. SFT, D denote Type of Seasonal FT processes, Depth of soil layer, respectively. Error bars indicate standard error of the mean (n = 3). According to the LSD multiple variance test, different capital letters indicate significant differences in the seasonal FT process for each indicator under the same vegetation type and soil layer (P < 0.05).




Sensitivity index of soil carbon pools during seasonal FT under different vegetation restoration types

The sensitivity of SOC, MBC, DOC, and EOC to seasonal FT processes varied considerably under different vegetation restoration types (Table 5). Using BF stage soils as a reference, the mean values of SOC, MBC, DOC, and EOC in 0–40 cm soils were ranked in order of absolute SI values: MBC (26.81) > DOC (19.54) > SOC (15.34) > EOC (10.22). The SI values of SOC in 0–40 cm soils of XS vegetation were not significantly different in seasonal FT processes (EF, SF, and TS) (P > 0.05), and its mean value (7.24) was lower than that of GL and CK vegetation. In addition, the sensitivity of SOC, MBC, DOC, and EOC to seasonal FT processes differed significantly between soil depths. Among them, the SI values of soil MBC and DOC under GL vegetation decreased significantly with increasing soil depth during the seasonal FT process. The SI values of DOC and EOC under CK vegetation were the lowest in the 20–40 cm soil layer during the seasonal FT process. At the same time, the SI values of MBC, DOC, and EOC in soils of 0–10 cm and 10–20 cm under all three vegetation restoration types were significantly higher in the SF stage than in the EF and TS stages (P < 0.05).


TABLE 5    Sensitivity index (SI) values of SOC, MBC, DOC, and EOC during seasonal FT under different vegetation restoration types.
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Relationships between soil carbon pools and soil environmental factors

The results of the RDA test (Table 6) indicated that the RDA biaxial explained a total of 54.03% of the variation in soil carbon pools (SOC, MBC, DOC, and EOC) content during seasonal FT. Among the environmental factors affecting soil carbon pools, TN, ST, TP, and SWC had a better explanation for the variability in soil carbon pools (Table 6). Among them, TN explained the highest degree, up to 33.1% (P = 0.002) (Table 6), and all showed highly significant (P < 0.001) positive correlations between TN and carbon pools, with correlation coefficients of R = 0.74, 0.58, 0.85, and 0.81, respectively (Figure 5). Secondly, ST explained 15.4% (P = 0.002) of the carbon pools (Table 6) and there were highly significant negative correlations between ST and SOC, DOC, and EOC with correlation coefficients R = −0.32, −0.51, and −0.44 (Figure 5). Moreover, TP and SWC explained 2.4 and 1.9% of the soil carbon pools, respectively (P < 0.05) (Table 6), and there were different levels of significant positive correlations between TP and SWC and the soil carbon pools (Figure 5). Also, sucrase, amylase, and carbon pools all showed highly significant (P < 0.001) positive correlations with each other (Figure 5).


TABLE 6    Results of redundancy analysis (RDA) tests between soil carbon pools and environmental factors.
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FIGURE 5
Heat map of correlation between soil carbon pools and environmental factors. *, **, and *** are significantly correlated at P < 0.05, P < 0.01, and P < 0.001 levels (bilateral), respectively. SWC, Soil water content; ST, Soil temperature; TN, Total nitrogen; TP, Total phosphorus; C/N, Carbon to nitrogen ratio; C/P, Carbon to phosphorus ratio; SOC, Soil organic carbon; MBC, Microbial biomass carbon; DOC, Dissolved organic carbon; EOC, Easily oxidized organic carbon.





Discussion


Differences in soil carbon pools between vegetation restoration types during seasonal freeze-thaw

Vegetation is an indispensable part of terrestrial ecosystems, and the frequent occurrence of seasonal freezing and thawing during vegetation restoration at high altitudes will greatly disturb regional terrestrial ecosystem carbon cycling processes (Xiao et al., 2019). This study demonstrated that the SOC, MBC, DOC, and EOC content of XS vegetation was higher than that of CK and GL vegetation during seasonal FT, which is consistent with the finding of Wang et al. (2020a). This is mainly because vegetation transports SOC and various organic carbon fractions to the soil through soil surface plant and animal residues, microbial content, and plant root exudates (Wang et al., 2020a). Studies have shown that during long-term vegetation restoration, differences in the selection of restored tree species have led to differences in the recovery of their above-ground components (biodiversity, richness) (Engel and Abella, 2011), resulting in large differences in surface plant community structure (Fu et al., 2020; Wang et al., 2020b). However, vegetation types with a more complex surface composition can provide a higher litter, cover area, and thickness, which are conducive to the accumulation of labile carbon pools in the soil (Wang et al., 2021). Moreover, the high species richness and vegetation cover of XS (Table 1), together with a large number of herbaceous plants, provide the soil with a more complex plant root system, a rich variety of litter, and plant and animal residues. This creates a more stable environment for the decomposition and release of soil organic matter (Sun et al., 2021), which in turn allows for increased input of soil carbon. Compared to XS vegetation, CK vegetation had a lower surface vegetation cover during revegetation (Table 1), making the litter sparse and the inter-root biomass low, hence the SOC pools of CK vegetation was relatively low. In addition, there was a highly significant positive correlation between organic carbon pools content and TN (Figure 5), and TN was one of the main environmental factors influencing changes in organic carbon pools (Table 6). Also, during seasonal FT, the TN content of XS vegetation was overall higher than that of GL and CK vegetation (Table 4), further confirming this reason.

This study demonstrated that SOC content varied significantly during seasonal FT, which is similar to the results of previous studies on SOC dynamics under plant growing and non-growing seasons (Boerner et al., 2005; Guo et al., 2018; Wu et al., 2021; Yang et al., 2022b). This may be due to the slow growth rate of vegetation before freezing, which requires fewer nutrients and provides the soil with abundant litter and root residues, facilitating the gradual accumulation of SOC (Wang et al., 2021). The freeze-thaw cycle breaks down the bonds between soil organic matter, fragmenting large agglomerates into smaller ones and releasing SOC encapsulated in soil aggregates (Herrmann and Witter, 2002; Larsen et al., 2002). Studies have shown that the microbial metabolic community in soils during the freeze-thaw cycle is dominated by fungi (Mannisto et al., 2009). Compared to bacterial communities, fungi have a higher carbon storage capacity, which makes the soil conducive to SOC storage during freeze-thaw (Mannisto et al., 2009). The freeze-thaw cycle destroys microbial cells, increases the decomposition mortality of fine roots, and releases small molecules of sugars and amino acids, increasing the content of organic matter in the soil, which in turn increases the SOC content of the soil (Fu et al., 2019). In addition, changes in soil moisture patterns during freeze-thaw leave the soil in a state of anoxia, which will inhibit the activity of hydrolytic enzymes in the soil, thus limiting the degradation of organic matter in the soil (Schindlbacher et al., 2011). Anoxic conditions will in turn limit the activity of aerobic microorganisms in the soil, reducing the production of CO2 in the soil and thus limiting the carbon export from the soil to the atmosphere (Koponen et al., 2006). At the same time, different vegetation restoration types will affect the sensitivity of their soils to external conditions such as water and temperature (Poulos et al., 2007), resulting in differences in the response of soil carbon pools to seasonal FT processes under different vegetation types. We found that the response of SOC to seasonal FT processes varied considerably between vegetation restorations types, with the SOC content of XS vegetation changing more consistently during seasonal FT, which is consistent with the finding of Bo et al. (2021). This is mainly due to the large differences in the buffering capacity of different surface vegetation types to seasonal FT events in the soil (Bo et al., 2021). Also, XS vegetation was taller, its surface vegetation species richness and the cover were higher, and its ability to hold and fix the water in the soil is greater (Figure 2, Tables 1, 4; Bo et al., 2021). However, an inconsistent correlation was shown between soil water temperature and SOC (Figure 5), allowing the XS vegetation SOC content to maintain a relatively stable equilibrium relationship during seasonal FT at higher soil moisture and temperature. Moreover, there was no significant difference (P > 0.05) in the SOC content and sensitivity index of the 0–40 cm layer under the XS vegetation restoration type during seasonal freeze-thaw (Figure 3, Table 5). The lower SI values (mean = 7.24) for XS vegetation SOC further illustrate the low response of XS vegetation SOC content to seasonal FT processes (Table 5).

We also found that the seasonal FT process reduced the MBC content and increased the DOC content in different vegetation soils compared to the BF and that there was a more pronounced accumulation of soil DOC and EOC during the SF and a significant decrease during the TS, which is consistent with the finding of Li et al. (2019). This is mainly because soil microbes maintain a relatively rich substrate content before freezing (Sorensen et al., 2018), and then successively experience freezing mortality and thawing period reproduction as the seasonal FT process progresses. However, microbial reproduction was limited by low-temperature activity and substrate constraints of pre-existing soil nutrients, which ultimately resulted in lower soil MBC content at all stages of seasonal FT than BF (Figure 3B). Moreover, soil DOC had a high sensitivity during seasonal FT processes (Table 5). Meanwhile, the changes in DOC content were mainly influenced by the relative combination of decomposition by dead soil microorganisms, the new release from the soil, and the amount of dissolved organic carbon that was broken down by mineralization (Herrmann and Witter, 2002). Seasonal FT disrupts the physical structure of the soil, causing hydrogen bonds in the organic matter with a large molecular weight bound to the soil to break, releasing organic matter with a small molecular weight (Larsen et al., 2002). FT processes also reduce the stability of soil aggregates, allowing the release of small molecules encapsulated by soil sorption (Herrmann and Witter, 2002), thus increasing the DOC content of the soil. Furthermore, under the SF stage, the low-temperature causes the death of some soil fungi and microorganisms, resulting in the outflow of large amounts of intracellular material (Fu et al., 2019), which leads to the release of small molecules of sugars and amino acids, thus increasing the content of organic carbon components in the soil. Also, sufficient nutrients such as nitrogen and phosphorus (Table 4) and decaying microbial residues in the soil provide a more than adequate and stable carbon source and microenvironment for the remaining cold-tolerant microorganisms (Zhu et al., 2020). This allowed soil enzyme activity to remain active during the SF period, which in turn contributed to the increase in soil carbon pools (Figure 5). Therefore, there was a significant increase in soil DOC and EOC content under the SF stage (Figures 3C,D). However, prolonged soil freezing gradually reduces the number of nutrients released by the disruption of soil aggregates (Fu et al., 2019). At the same time, anaerobic respiration by residual microorganisms in the soil was enhanced (Koponen et al., 2006), accelerating the depletion of existing soil nutrients. As a result, soil nutrient content decreases during the SF period toward thawing (Table 4). At this time, the soil temperature rises (Figure 2), and the free water content begins to increase (Table 4). The roots of plants that had not yet started to grow were unable to take up and use soil water and nutrients in time. Excessive and sudden increases in free soil water (Table 4) tend to leach labile nutrients from the soil to deeper layers of the soil (Ranger et al., 2007), resulting in lower soil DOC and EOC contents during the TS.



Differences in soil carbon pools at different soil depths during seasonal freeze-thaw

It was found that the organic carbon pools varied significantly between soil layers under different vegetation types during seasonal freezing and thawing and that the soil carbon pools contents were higher in the surface layer than in the lower layer (Figure 4). This is because the depth, density, and structure of the soil root system vary greatly in the vertical soil profile under different vegetation restoration types (Singh et al., 2011; Ma et al., 2022), which in turn greatly affects the transformation of soil organic carbon. In particular, plant root biomass decreases with increasing soil depth (Singh et al., 2011), and the root structure of different vegetation types differs significantly in the soil profile, with roots highly concentrated in the upper soil layer (Grant et al., 2012; Li et al., 2022). Studies have shown that the complex root structure of plants allows for a lag in the effect of external temperature on the soil, with the lag time being determined by a combination of soil depth and root structure (Schwieger et al., 2017; Tabbagh et al., 2017). However, the hysteresis effect and the thermal insulation effect of the complex root system (Guo et al., 2008) make the water temperature conditions in the lower soil layer more different from those in the upper soil layer. It has also been noted that the effect of external air temperature on soil temperature decreases with increasing soil depth (Tabbagh et al., 2017). During seasonal freezing and thawing, the temperature is transferred from the surface downward as the surface soil freezes and melts and is gradually stabilized with increasing soil depth (Tabbagh et al., 2017). Moreover, SOC is highly susceptible to the influence of external factors such as moisture and temperature (Figure 4), resulting in significant differences in the spatial distribution of the characteristics of soil organic carbon pools under different vegetation during seasonal FT, which also confirms our second hypothesis. Furthermore, during seasonal FT, the topsoil is the first to be affected by the external environment, producing FT and physically disrupting structures such as soil aggregates, releasing large amounts of soil nutrients (Liang et al., 2021). On the other hand, surface vegetation transports nutrients to the soil mainly through surface plant roots and plant and animal residues (Wang et al., 2020a). Also, the surface soil is better aerated and has better soil microenvironmental conditions than the underlying soil, thus facilitating the decomposition and transformation of dead leaves and microbial reproduction in the surface layer (Pahlavan-Rad and Pessarakli, 2009). At the same time, the effect of decomposition of dead litter and humus on soil nutrient accumulation decreases with increasing soil depth (Liu et al., 2021b). Moreover, there was a significant positive correlation between soil physicochemical properties, enzyme activity, and soil carbon pools to varying degrees (Figure 5). Therefore, the higher TN and enzyme activity in the surface layer will further contribute to the content of soil carbon pools fraction in the surface layer, making the soil carbon pools fraction in the lower soil layer lower than in the surface layer.




Conclusion

This study showed that the soil carbon pools (i.e., SOC, MBC, DOC, and EOC) under the restored type of Xanthoceras sorbifolia vegetation were higher than that of Caragana korshinskii vegetation and Grassland during seasonal freeze-thaw. Also, the changes in SOC of Xanthoceras sorbifolia vegetation were more stable during the seasonal freeze-thaw. The seasonal freeze-thaw process reduced the soil MBC content and increased the DOC content, and there was a more obvious accumulation of DOC and EOC content during the stable freeze period. Moreover, the SOC, MBC, DOC, and EOC contents under all three vegetation restoration types showed obvious surface aggregation, and the response of the soil carbon pools contents to the seasonal freeze-thaw process differed significantly among the different soil depths. Our results demonstrate that the seasonal freeze-thaw will affect the decomposition and transformation of soil carbon in vegetation systems, which in turn affects the regional soil carbon cycling processes. At the same time, the carbon sequestration function of the soil system under the Xanthoceras sorbifolia vegetation restoration type was stronger during the seasonal freeze-thaw process in the Longzhong Loess Plateau.
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Type of Geographical

vegetation coordinates

restoration

GL 104°39'3.05"E
35°34'45.48''N

CK 104°39'1.51"E
35°34'45.00"N

XS 104°39'10.62"'E
35°34'45.08'N

GL, Grassland; CK, Caragana korshinskii; XS, Xanthoceras sorbifolia. Values are presented as mean = standard error (n = 3).

Altitude
(m)

1985

1980

2010

Area
(m?)

20 x 20

20 x 20

20 x 20

Coverage
(%)

>90

30

60

Height (cm)

35.93 4 0.44b

16.00 = 0.79¢

76.45 £ 2.54a

Main species

Stipa bungeana, Plantago
asiatica, Setaria viridis,

Leymus secalinus

Caragana korshinskii,
Potentilla chinensis, Picris

hieracioides

Xanthoceras sorbifolium,
Bupleurum chinense,
Gentiana macrophylla,
Leontopodium
leontopodioides

According to the LSD multiple variance test, different lowercase letters indicate significant differences between vegetation types (P < 0.05).

Soil disturbance
history

Abandoned at the end of
1990, naturally restored

grassland.

Felled and planted until
the 1990s, it was
abandoned at the end of
2000 and naturally
restored to a shrub

community.

Cleared by deforestation
until the 1990s, the forest
was restored by artificial

planting in 2002.
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2019/10/27 Freezing Before Referring to the scholars’ division of
phase freezing  the growing season on the Loess
(BF) Plateau, plants enter the end of the
growing season, the daily minimum
air temperature is above 0.0°C and

the soil has not entered the freezing

period.
2019/11/18 Early stages Daily maximum temperature > 0.0°C
of freezing  and initial daily minimum
(EF) temperature < 0.0°C in the surface
0-10 cm soil with initial freezing of
the soil.
2020/1/12 Stable freeze Daily maximum temperature of

stage (SF)  0-40 cm soil layer < 0.0°C for
3d <0.0°C, stable freezing of

0-40 cm soil layer.

2020/3/5 Thawing Thawing  Daily minimum air temperature
phase stage (TS)  above 0.0°C, the daily minimum

temperature in the 0-10 cm soil
layer > 0.0°C for 3d > 0.0°C and
melting in the 0-20 cm soil layer,
while the temperature in the
20-40 cm soil layer < 0.0°C and
rising and gradually melting.





OPS/images/fevo-10-1019627-t002.jpg
Type of pH Bulk Field Capillary

vegetation density capacity porosity
restoration (g-cm~3) (g-kg™1) (%)

GL 7.88+0.0la 1.10= 0.04ab 576.26+ 23.83ab 66.28 = 1.03ab
CK 7.84+00la 1.02+003b 650.30 +34.98a 68.46 + 1.43a
X$ 7.38+0.09b 1.13£0.04a 53523 +36.69b 63.40 + 1.82b

GL, Grassland; CK, Caragana korshinskii; XS, Xanthoceras sorbifolia. Values are presented
as mean =+ standard error (n = 3). According to the LSD multiple variance test, different
lowercase letters indicate significant differences between different vegetation types in the
same soil layer (P < 0.05).
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GL, Grassland; CK, Caragana korshinskii; XS, Xanthoceras sorbifolia; SI, Sensitivity index; EF, Early stages of freezing; SE Stable freeze stage; TS, Thawing stage; SOC, Soil organic carbon;

MBC, Microbial biomass carbon; DOC, Dissolved organic carbon; EOC, Easily oxidized organic carbon.

According to the LSD multiple variance test, different capital letters indicate significant differences between seasonal FT processes for each indicator under the same vegetation type;

different lowercase letters indicate significant differences between different soil layers under the same seasonal FT process for the same vegetation type (P < 0.05).





OPS/images/fevo-10-1019627-t004.jpg
Type of vegetation
restoration

XS

Indicators

SWC (%)

TN (gkg™ ")
TP (gkg ")
Sucrase (mg-g~!)
Amylase (mg-g~ 1)
SWC (%)

TN (gkg™")
TP (gkg™ ')
Sucrase (mg-g~ D
Amylase (mg-g~ 1
SWC (%)

TN (gkg™")
TP (gkg ")
Sucrase (mg-g~!)

Amylase (mg-g~ D

BF

13.29 + 0.43B
0.41 & 0.03B
0.20 £ 0.02A
237.85 £ 38.59B
30.82 +2.79A
9.83 4 0.49BC
0.43 4 0.04B
0.18 £0.01A
184.41 4 22.48B
33.93 +4.37A
15.78 +0.58C
0.48 & 0.03B
0.20 £ 0.02A
345.70 £ 30.38A
34.30 £ 3.54B

Seasonal FT

EF

16.70 £ 0.21A
0.43 £+ 0.03B
0.14 £ 0.00B
263.11 £ 31.27AB
31.52 +4.04A
29.81 +4.31A
0.46 £ 0.03B
0.11 +0.01B
221.85 £ 25.89AB
34.52 £ 5.19A
35.60 + 1.23A
0.62 & 0.05AB
0.18 +0.01AB
425.33 4 36.38A
34.18 £+ 5.30B

SF

14.82 4+ 0.38AB
0.67 4 0.06A
0.14 £+ 0.01B

265.49 £ 39.92AB

35.25 £ 4.67A
8.70 & 0.46C
0.62 4 0.04A
0.11 4 0.01B

224.20 £ 35.21AB
42,68 +2.87A
19.96 & 0.89C
0.69 4 0.08A
0.12 4 0.00C

469.88 £ 79.47A
48.59 £ 6.51A

TS

16.31 4 0.55AB
0.43 £ 0.08B
0.14 £ 0.00B

342.58 £ 33.58A
19.44 + 2.20B
16.46 = 3.33B
0.40 & 0.05B

0.14 4 0.01AB

300.17 £ 50.81A
37.81 £ 6.62A
27.97 &+ 2.08B
0.46 & 0.07B
0.14 4 0.00BC

470.23 £ 31.41A
33.03 +2.37B

GL, Grassland; CK, Caragana korshinskii; XS, Xanthoceras sorbifolia; BE, Before freezing; EF, Early stages of freezing; SE, Stable freeze stage; TS, Thawing stage; SWC, Soil water content;

TN, Total nitrogen; TP, Total phosphorus. Values are presented as mean =+ standard error (n = 3).

According to the LSD multiple variance test, different capital letters indicate significant differences between seasonal FT processes for each indicator under the same vegetation type

(P < 0.05).
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RDA test Factors Explains Contribution F p

results (%) (%)
Environmental N 33.1 61.3 525  0.002
factors
ST 15.4 28.5 314  0.002
TP 24 4.5 51 0.020
SWC 1.9 35 42  0.048
C/N 0.5 0.9 1.1 0.266
Amylase 0.3 0.6 0.8  0.400
C/P 0.3 0.6 0.7 0.394
RDA twin axis Axis 1 53.98 - - -
Axis 2 0.05 - - -

TN, Total nitrogen; ST, Soil temperature; TP, Total phosphorus; SWC, Soil water content;
C/N, Carbon to nitrogen ratio; C/P, Carbon to phosphorus ratio.
Bold values in the table indicate P < 0.05.





