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As a key component of terrestrial ecosystems, soil interacts directly with aboveground vegetation. Evaluating soil quality is therefore of great significance to comprehensively explore the interaction mechanism of this association. The purpose of this study was to fully understand the characteristics of aboveground vegetation, soil quality, and their potential coupling relationship among different forest types in Hunan Province, and to provide a theoretical basis for further exploring the mechanisms underlying soil–vegetation interactions in central China. We have set up sample plots of five kinds of forests (namely broad-leaved forest, coniferous forest, coniferous broad-leaved mixed forest, bamboo forest, and shrub forest) in Hunan Province. To explore the differences of vegetation characteristics and soil physical and chemical properties among the five stand types, variance analysis, principal component analysis, and regression analysis were used. Finally, we explored the coupling relationship between soil quality and aboveground vegetation characteristics of each forest. We found that there were significant differences in soil quality among the forest types, ranked as follows: shrub forest > bamboo forest > broad-leaved forest > mixed coniferous and broad-leaved forest > coniferous forest. In general, there was a negative correlation between vegetation richness and soil quality in the broad-leaved forest and the shrub forest, but they showed a positive correlation in the coniferous forest, the mixed coniferous and broad-leaved forest, and the bamboo forest. As a necessary habitat condition for aboveground vegetation, soil directly determines the survival and prosperity of plant species. These results indicated that for vegetation–soil dynamics in a strong competitive environment, as one aspect wanes the other waxes. However, in a weak competitive environment, the adverse relationship between vegetation and soil is less pronounced and their aspects can promote.
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1.  Introduction.

As the largest carbon pool on Earth’s land surface, soil participates in many ecological processes underpinning forest succession and is a crucial habitat factor for the survival of aboveground vegetation (Crowther et al., 2019; Li et al., 2021). Soil has many physical and chemical properties, which can directly or indirectly affect vegetation, thereby leading to the establishment or enrichment of aboveground vegetation (Russell and Beauchamp, 2017). Research has shown that the presence of soil organic matter confers high porosity, which can improve soil water retention and soil fertility and promote the growth of trees (Norris et al., 2014). Soil temperature influences plant root biomass and drives how soil moisture content and pH value impact tree growth, which creates the conditions determining tree survival rates (Greenwood et al., 2015; Nishar et al., 2017). Liu et al. (2020) studied the relationship between Pinus taiwanensis Hayata seedling regeneration and soil nitrogen, finding that its survival rate was positively correlated with soil nitrogen, and tree growth was directly correlated with the availability of nitrogen elements (Liu et al, 2017). Maia et al. (2020) studied the sensitivity of aboveground vegetation abundance to climate and soil in seasonal arid tropical forests and pointed out that almost all vegetation attributes were significantly correlated with soil. Conversely, the characteristics of aboveground vegetation are also key factors capable of affecting soil physical and chemical properties, and the selection and complementarity between plants are beneficial to soil carbon storage and nutrient turnover (Loreau and Hector, 2001; Haghverdi and Kooch, 2019). Studies have shown that the dynamic cycling of soil carbon and nitrogen differs among different plant types, whereas higher plant diversity characteristics can augment soil carbon storage and nutrient turnover (Cong et al., 2014; Lange et al., 2015). Dawud et al. (2017) found that soil carbon storage in different soil layers was significantly and positively correlated with vegetation diversity. The research of Pardo et al. (2013) showed that divergent nutrient absorption strategies are the key to understanding changes to vegetation–soil nutrient cycle characteristics. Tumushime et al. (2019) found from the perspective of competition that the competition of trees in the forest would affect the accumulation of soil organic matter. Collectively, the studies cited above are helpful for better understanding the interactions between vegetation and soil physical/chemical properties. However, the diversity and complexity of forest ecosystems, the variety of their stand types, and an uneven stand status lead to differences in the physical and chemical properties of forest soil at regional or local scales (Jansson and Tas, 2014). Soil quality, being an inherent property of soil, is a comprehensive reflection of soil physical and chemical properties and is involved in pivotal processes in forest ecosystems, such as carbon storage and biomass production (Obade and Lal, 2016; Huang et al., 2018; Obade, 2019). In tandem, the characteristics of aboveground vegetation play an important role in improving soil quality (Zhang et al., 2019). Therefore, taking soil quality as a comprehensive index to evaluate soil physical and chemical properties, and exploring the correlation between soil quality and aboveground vegetation distribution characteristics of different forest types on this basis, may hold the key to elucidating the underlying ecological mechanism(s) of plant–soil interaction systems.

Concerning the evaluation system for soil quality, some scholars have shown a linear relationship between soil quality fraction and measured data that is sensitive to soil changes, so a linear scoring model may be used to evaluate soil quality (Liu et al., 2014). Yet, other researchers found no obvious linear relationship between the soil quality score and soil physical and chemical indexes, so they instead argued for a non-linear scoring model to evaluate soil quality (Bi et al., 2013; Li et al., 2017a). Given that soil quality varies with geographical location and spatial scale, it is very important to select suitable soil quality evaluation methods that have been verified and can be compared across sites (Guo et al., 2017). Currently, the fuzzy mathematical model is the main conventional method to evaluate soil quality, along with the gray relational model method and principal component analysis (PCA) combined with GIS (Gruijter et al., 2011; Mondino et al., 2015; Vasu et al., 2016; Feng et al., 2018). In fact, PCA has been the most widely used method in quantitative evaluations of soil quality.

Hunan Province in China has rich and diverse forest types, rapid vegetation recovery, and high reserve of forest resources, which play an extremely important role in water conservation and maintaining the regional carbon cycle and ecological balance in the Yangtze River Basin (Liu et al., 2016). In the existing studies in this area, there are few important findings about the correlation between soil quality and aboveground vegetation characteristics. However, the characteristics of aboveground vegetation and the competition relationship between them will affect soil carbon and nitrogen and other physical and chemical factors to a certain extent (Wang et al., 2020a). Will this become an important potential ecological factor in the soil vegetation interaction mechanism? Accordingly, five forest types—broad-leaved forest, coniferous forest, mixed coniferous and broad-leaved forest, bamboo forest, and shrub forest—were selected in Hunan Province and their respective soil sampled. PCA was used to reduce into a few dimensions the data on soil bulk density, porosity, pH value, organic matter, total nitrogen, total phosphorus, and total potassium to construct a total data set (TDS). Then, we calculated the respective weights of the physical and chemical properties of each forest type’s soil. To perform this calculation, the membership function was introduced to comprehensively evaluate the soil quality of the various forest types. Based on this analysis, the coupling relationship between soil quality and aboveground vegetation density and tree height characteristics was analyzed to explore the relative fitting degree of soil quality and vegetation characteristics of the five forest types in Hunan Province. The results can provide a theoretical reference for the soil nutrient management and forest management model in this region and provide a theoretical basis for further exploring the mechanism of soil–vegetation interactions in central China.



2.  Materials and methods.


2.1.  Study region.

Hunan Province is located in the middle of a subtropical zone within a single bioclimatic zone. It is one of the most important forest areas in south China, distinguished by superior natural conditions, a suitable climate, many economic trees, and rapid growth. Having a continental subtropical monsoon humid climate, there are four distinct seasons in Hunan Province: a changeable spring temperature, damp and rainy; a long summer hot period, warm and wet heavy; a dry autumn period; and a short winter cold period. The zonal soils here are mainly red soil and yellow soil, respectively, in the land east and west of the Xuefeng Mountains in Wulingyuan. The main trees are Quercus glauca, Cunninghamia lanceolata, and Pinus massoniana. The main shrubs are Camellia oleifera, Lindera glauca, and Rhododendron simsii. The main herbs are Arthraxon hispidus, Ophiopogon japonicas, and Woodwardia japonica. The landscape is dominated by hills, these mainly distributed in its eastern, southern, and western parts (Liu et al., 2016).



2.2.  Methodology.


2.2.1.  Plot selection and investigation.

During the period of 2015–2016, according to the site conditions in Hunan Province and its present distribution of forest resource types, we selected main typical site conditions and ecological locations of important regional zonal vegetation types. In particular, the distribution of forestland with larger areas and having relatively few signs of natural- or human-disturbed soils was chosen; these sampling locations are shown in 
Table 1
. In each forest type, 5–15 plots (10 m × 10 m) were established to identify the dominant tree species and measure each number of trees, tree DBH, and tree height (among them, tree basal area = 1/4π(DBH)2). The height and coverage of the main dominant shrubs were also investigated and recorded. At the same time, local environmental factors such as elevation, slope aspect, and canopy density were recorded. The sampling design and effort at the sites in the study area are detailed in 
Table 2
.


Table 1 | 
Site selection and quantity of plots in Hunan Province, China.





Table 2 | 
Basic information of plots of different forest land types.






2.2.2.  Soil sampling and determination of physical and chemical factors.

In each 10 m × 10 m quadrat, following forest soil survey technical regulations (Technical regulations for forest soil survey, 2014), five soil profiles were set at the four vertices and the intersection of the diagonals (i.e., the center point), using the five-point sampling method, to investigate the soil properties and texture. Stratified sampling was carried out as follows: 0–10, 10–20, and 20–40 cm, with soil samples collected from the same soil layer in various sides mixed together after removing branches, leaves, and litter. After air drying and grinding, soil samples were bagged after passing them through 2-, 1-, and 0.25-mm sieves and then stored in the laboratory until later use. Referring to the Soil Agrochemical Analysis (3rd ed.) (Bao, 2000), soil pH value (potentiometric method), soil organic matter (potassium dichromate volumetric method), total nitrogen (Kjeldahl method), total phosphorus (sulfuric acid–perchloric acid elimination method), and total potassium (flame photometry) were each determined. In addition, undisturbed soil samples were collected with a 100-cm3 ring knife at the corresponding depth of each sampled soil profile in the sites (forest types) to measure and analyze their soil bulk density and soil porosity.



2.2.3.  Soil quality assessment.

Due to their wide variety, the determination of soil quality indicators is complicated and varies considerably among different soil systems (Lal, 2016). Therefore, this study considered all the physical and chemical properties of the soil measured, and the soil quality index (SQI) was established by the total data set (TDS) method. Soil quality evaluation was completed in four steps.

First, the original data of soil physical and chemical indexes were weighted to obtain the average value of soil property indexes in a given sampling site. Soil bulk density (SD), soil porosity (SP), potential of hydrogen (pH), soil organic matter (SOM), soil total nitrogen (STN), soil total phosphorus (STP), and soil total potassium (STK) were normalized to make the evaluation indexes comparable (Feng et al., 2018). Membership function was used to score each, whose corresponding membership value was calculated according to the method of Masto et al. (2008) (i.e., a soil quality linear scoring model). For the soil pH value, its neutral value (7.0) is considered desirable. In our soil survey, because all values were<7, this index is considered as “higher is better”. To sum up, soil porosity, pH value, organic matter, total nitrogen, total phosphorus, and total potassium belonged to the “higher, the better” type equation, whereas soil bulk density belonged to the “lower, the better” type equation, whose specific calculation formulas are as follows:

 

 

where Q represents the degree of membership (0–1), X represents the measured value of the soil index, Xmin represents the minimum value of the soil index, and Xmax represents the maximum value of the soil index. Equation (1) is an index scoring function of “the higher, the better” (Q1), and Equation (2) is an index scoring function of “the lower, the better” (Q2).

Next, the common factor variance obtained via PCA using all the measured soil property data was used to express the contribution of an index to the overall variance: the larger it is, the greater its contribution to the overall variance (Chen et al., 2019). We used PCA to calculate the weight value of each TDS indicator, where weight is equal to the ratio of the common factor variance of each indicator to the sum of the common factor variance of all indicators (Rahmanipour et al., 2014). The calculation for that is shown in Formula (3). Among them, ci represents the common factor variance for each soil factor, and Wi represents the index weight value.

 

 

Finally, the soil quality index (SQI) under each forest according to Formula (4) is calculated, where Qi represents the degree of membership, n is the number of indicators, and Wi represents the index weight value, and the higher the SQI value, the better the soil quality (Doran and Parkin, 1994).




2.3.  Data.


2.3.1.  Analysis of variance significance.

The statistical analysis of the aboveground vegetation data was performed by one-way ANOVA to represent the aboveground vegetation distribution characteristics of different forest land types. The statistical analysis of the data of the same forest land but different soil layers was performed by one-way ANOVA to reflect the differences in soil characteristics between different soil layers of the same forest stand. Similarly, the same analysis was performed on the data of the same soil layer but different forest land to reflect the differences of soil characteristics between different forest types in the same soil layer. Based on this, the SQI mean of three soil layers in each forest was calculated, and one-way ANOVA was performed to test for the soil quality differences among different forests. Duncan’s multiple-range test was performed to detect the statistical significance between treatments. P < 0.05 was considered statistically significant.



2.3.2.  Principal component analysis.

We conducted principal component analysis on each soil physical and chemical factor, calculated its corresponding common factor variance, and calculated the weight of these factors according to Formula (3). Finally, the SQI of each sample was obtained according to Formula (4). PCA was used as described in Subsection 2.2.3.



2.3.3.  Regressive analysis.

In order to exclude collinearity among aboveground vegetation features, we first used Pearson correlation analysis to obtain their correlation features. Considering the ecological role of these indicators comprehensively, we chose to delete some indicators, and the remaining indicators would be used as independent variables in regression analysis with the SQI. General linear regression analysis was used to explore the potential linear relationship between the SQI of each forest land type and the distribution characteristics of aboveground vegetation, so as to reflect the impact of comprehensive soil quality on the survival of aboveground vegetation. Data analysis and plotting were implemented by R 4.0.3 software (R core team, 2019).





3.  Results.


3.1.  Distribution characteristics of aboveground vegetation in different forest types.

Among the forest types in Hunan Province, the aboveground vegetation index characteristics differed (Figure 1). In general, the average tree height was 9.37 to 10.70 m and ranked as coniferous forest > mixed coniferous and broad-leaved forest. Shrub coverage was ranked as follows: shrub forest > bamboo forest > broad-leaved forest > mixed coniferous and broad-leaved forest > coniferous forest (41.30%–75.00%). The ranking for shrub height was bamboo forest > shrub forest > mixed coniferous and broad-leaved forest > coniferous forest > broad-leaved forest, ranging from 140.21 to 308.57 cm. In addition, the stand density was ranked from 1,412.5 to 1,603.33 plants/hm2, the basal area was ranked from 0.33 to 0.40 m2/hm2, and the dominant tree height was ranked from 12.90 to 13.50 m, but there was no significant difference among each forest type.




Figure 1 | 
Distribution difference of aboveground vegetation in different forest land types. Above the error line, different capital letters indicate that there are significant differences among different forest land types. I, broad-leaved forest; II, coniferous forest; III, mixed coniferous and broad-leaved forest; IV, bamboo forest; V, shrub forest. The same below.




According to Table S1, the average tree height of the coniferous forest (11.97 m) was significantly (P< 0.05, the same below) higher than that of the broad-leaved forest (9.37 m). The shrub coverage was significantly higher in the shrub forest (75.00%) than the coniferous forest (41.30%) or the mixed coniferous forest (46.17%). The shrub height of the bamboo forest (308.57 cm) was significantly higher than that of the broad-leaved forest (140.21 cm), the coniferous forest (169.52 cm), and the coniferous and broad-leaved mixed forest (178.87 cm). There were no significant differences in stand density, basal area, and dominant tree height among broad-leaved, coniferous, and mixed coniferous forest types (P > 0.05, the same below).

That the vegetation indices differed among forest types indicated that vegetation growth is locally adapted to the environment. Forest type is the key factor leading to the distribution and growth characteristics of aboveground vegetation.



3.2.  Characteristics of soil physicochemical properties in different forest types.



Figure 2 shows the distribution differences of soil physical and chemical properties in different soil layers of the forest types in Hunan Province. Overall, there were differences in seven soil physical and chemical indexes among the forest types. The mean value of soil bulk density, porosity, pH, organic matter, total nitrogen, and total phosphorus varied from 1.02 to 1.11 g·cm-3, 58.10% to 64.47%, 4.45 to 4.78, 27.37 to 43.92 g·kg-1, 2.30 to 3.76 g·kg-1, and 0.28 to 0.67 g·kg-1, respectively. For total potassium, its mean ranged from 15.99 to 20.85 g·kg-1.




Figure 2 | 
Differences of soil physical and chemical properties in different soil layers of different forest land types. SD, soil bulk density; SP, soil porosity; pH, pH value; SOM, soil organic matter; STN, soil total nitrogen; STP, soil total phosphorus; STK, soil total potassium. Above the error line, different lowercase letters indicate significant differences between different soil layers; different capital letters indicate that there are significant differences among different forest land types. I, broad-leaved forest; II; coniferous forest; III, mixed coniferous and broad-leaved forest; IV, bamboo forest; V, shrub forest. The same below.




In the broad-leaved forest and also the mixed coniferous and broad-leaved forest, soil bulk density was significantly higher in the 20–40 cm than 0–10 cm soil layer, whereas the soil porosity was significantly lower in the 20–40 cm than 0–10 cm soil layer.

For soil organic matter, it was significantly different among the three layers of the broad-leaved forest. In the coniferous forest and the coniferous–broad-leaved mixed forest, the soil organic matter content of the 0–10 cm soil layer is significantly higher than that of the other two. The 0–10 cm soil layer of the bamboo forest was significantly higher than that of the 20–40 cm soil layer, whereas the soil layers in the shrub forest were similar to each other.

The total nitrogen in the 0–10 cm soil layer of the broad-leaved forest, the coniferous forest, and the mixed coniferous and broad-leaved forest was significantly higher than that in the other two soil layers, and that in the 20–40 cm soil layer of the bamboo forest was significantly lower than that in the other two soil layers, whereas it did not differ significantly among the soil layers in the shrub forest.

The total phosphorus in the 10–20 cm layer of the broad-leaved forest was significantly higher than that in the 20–40 cm layer, but there was no significant difference among the soil layers in the coniferous forest, the mixed coniferous and broad-leaved forest, the bamboo forest, and the shrub forest.

For total potassium, there were no significant differences among soil layers in the forest types. Total phosphorus increased first and then decreased in the broad-leaved forest and the shrub forest, and total potassium decreased first and then increased in the broad-leaved forest and the bamboo forest. However, as the soil layer deepened, the content of soil organic matter and total nitrogen decreased. This indicated that the non-metallic nutrient elements accumulate more in the surface soil, whereas metallic nutrient elements ended up underground, but the overall range in their variation is small.

At the regional scale, forest type had no significant effect upon soil bulk density, porosity, or the pH of each soil layer. The soil organic matter content of the 10–20 cm soil layer was significantly higher in the shrub forest than either the coniferous forest or the mixed coniferous and broad-leaved forest, and that of the 20–40 cm soil layer was significantly the greatest in the shrub forest, following this ranking: shrub forest > bamboo forest > mixed coniferous and broad-leaved forest > broad-leaved forest > coniferous forest.

The total nitrogen content of the 0–10 cm soil layer was significantly lower in the coniferous forest than the bamboo forest or the shrub forest, and that of the 10–20 cm soil layer in the shrub forest and the bamboo forest significantly exceeded that of the coniferous forest and the mixed coniferous and broad-leaved forest, whereas that of the 20–40 cm soil layer in the shrub forest was significantly higher than all other forest types. The relative content of total nitrogen was ranked as follows: shrub forest > bamboo forest > broad-leaved forest > mixed coniferous and broad-leaved forest > coniferous forest.

The total phosphorus in the 0–10 cm soil layer is significantly higher in the shrub forest than in the broad-leaved forest, the coniferous forest, and the mixed coniferous and broad-leaved forest. The total phosphorus in the 10–20 and 20–40 cm soil layers of the shrub forest is significantly higher than the other four forest types, with the relative content of sorting given as follows: shrub forest > bamboo forest > broad-leaved forest > coniferous forest > mixed coniferous and broad-leaved forest.

The soil total potassium content of the 0–10 cm soil layer in the mixed coniferous and broad-leaved forest was significantly lower than that in the broad-leaved forest, the bamboo forest, and the shrub forest, but there was no significant difference between the 10–20 and 20–40 cm soil layers. These results indicated that forest type is the main factor leading to the distribution of soil physical and chemical properties.



3.3.  Evaluation of soil quality in different forest types.



Table 3
 presents the results for the PCA used to comprehensively evaluate the soil quality of the forest types. According to the principle of eigenvalue >1, the first two principal components were selected, whose eigenvalue was 3.846 and 1.226, respectively. The variance explained by the first principal component was 54.937%, whereas that of the second principal component was 17.508%, totaling 72.445%. This indicated that the two extracted principal components reflected well the comprehensive information from the evaluation indexes. Soil bulk density, porosity, organic matter, total nitrogen, and total phosphorus played key roles in the first principal component, whereas pH and total potassium largely underpinned the second principal component. According to 
Table 3
, the weights of the seven soil bulk density indexes in descending order were 0.162, 0.163, 0.151, 0.160, 0.174, 0.137, and 0.053.


Table 3 | 
Results of principal component analysis, factor loadings, common factor variance, and indicators’ weight.




According to the weight of each soil physical or chemical property, a soil comprehensive quality index (SQI) for each soil layer in each forest type can be calculated by substituting it into Formula (4). The results are shown in 
Figure 3
. In the broad-leaved forest and the mixed coniferous and broad-leaved forest, the SQI differed significantly differently among the three soil layers and decreased with increasing soil depth in all forest types. There were significant differences in the mean value of the SQI among the forest types, being significantly higher in the shrub forest than the coniferous forest. The SQI, ranked from high to low, was as follows: shrub forest > bamboo forest > broad-leaved forest > mixed coniferous and broad-leaved forest > coniferous forest.




Figure 3 | 
Comprehensive evaluation results of soil quality of different forest land types. Above the error line, different lowercase letters indicate significant differences between different soil layers, and different capital letters indicate that there are significant differences among different forest land types. I, Broad-leaved forest; II, coniferous forest; III, mixed coniferous and broad-leaved forest; IV, bamboo forest; V, shrub forest. The same below.






3.4.  Correlations between soil quality and aboveground vegetation characteristics.

We determined the aboveground vegetation index ultimately used for general linear regression analysis (Figure 4B) and conducted general linear regression analysis with SQI (Figure 4A). In the broad-leaved forest, the SQI was significantly negatively correlated with the basal area. The SQI of the coniferous forest was significantly positively correlated with average tree height, basal area, and shrub height. In the mixed coniferous and broad-leaved forest, the SQI was significantly positively correlated with average tree height and significantly negatively correlated with shrub height. In the bamboo forest and the shrub forest, the SQI was not significantly correlated with shrub height.




Figure 4 | 
Correlation between soil quality and vegetation characteristics in different forest land types (A). Correlation of aboveground vegetation characteristics of different forest types (B). The blue square indicates that there is a significant positive correlation between indicators; the red square indicates that there is a significant negative correlation between indicators; the white square indicates that there is no significant correlation between indicators. I, broad-leaved forest; II, coniferous forest; III, mixed coniferous and broad-leaved forest; IV, bamboo forest; V, shrub forest.




The fitted linear relationships between the SQI and aboveground vegetation characteristics in the different forest types reflected the changes in the trends of the two indexes in the increase and decrease and reflected the potential ecological correlation characteristics of vegetation–soil quality interactions.




4.  Discussion.


4.1.  Evaluation of soil quality in the forest types.

As an important structural component of forest ecosystems, the physical and chemical properties of soil are the comprehensive embodiment of forest soil nutrients, and they play a pivotal role in ensuring vegetation growth and preventing soil erosion (Davis et al., 2018; Huang et al., 2019). Among them, soil bulk density is regarded as the key factor governing soil physical and chemical properties as well as soil compactness (Al-Shammary et al., 2018). By contrast, soil porosity mainly mediates the transport of soil water, the exchange of soil gases, and the movement and storage of soil nutrients. It also affects soil microbial activity and promotes the absorption and growth abilities of plant roots, both being important components of soil physical and chemical properties (Luna et al., 2018). In this study, in general, the soil bulk density of each forest land type had an increasing trend with the deepening of the soil layer, but the porosity results were opposite. This may be related to humus accumulation and the distribution of plant roots and their interactions with the surrounding soil environment: in particular, shallow soil accumulated more humus and developed a denser root system, so its soil environmental improvement is more pronounced (Reich et al., 2003; Shao et al., 2020). Soil pH participates in the regulation of soil biogeochemical processes and exerts a cascading effect on the stabilization of soil ecosystem structure and function (Hong et al., 2018). In this study, the pH values of all forest types’ soil were<7, implying weak acidity overall, but there was no significant difference in pH among all soil layers in any of the forest types. This may be due to the short succession time of the selected forest region, being still a “young forest”, leaving few if any significant differences detectable in its physical and chemical properties of soil (Li et al., 2017b).

Among soil nutrient indexes, soil organic matter, as the basis of soil physical and chemical properties, promotes the formation of soil aggregates and maintains the nutrient cycling of the forest ecosystem (Feng et al., 2016; Yuan et al., 2018). At the same time, total nitrogen, total phosphorus, and total potassium in soil can reflect the total nutrient storage level in the soil nutrient pool (Rboertson and Vitowsek, 1981). We found that there were differences among forest land types and soil layers, and some reached a significant level. The differences in soil organic matter, total nitrogen, and total phosphorus had the pattern shrub forest > bamboo forest > tree forest, perhaps because the shrub forest protected soil organic carbon and delayed its decomposition rate, thus conferring to it a strong carbon fixation ability (An et al., 2010; Yang et al., 2020). The pronounced soil organic matter content in the bamboo forest may be caused by this forest type’s high input of organic matter as litter (Fukushima et al., 2015). It is known that the accumulation of organic matter is closely related to the soil nutrient supply capacity of nitrogen and phosphorus, which is also a likely reason for the overall consistent trend of the above nutrient contents of the forest types in this study (Dong et al., 2021). The content of total potassium in the broad-leaved forest and the bamboo forest was relatively high, likely due to higher litter inputs in the broad-leaved forest and the bamboo forest compared with other forest types (Qiao et al., 2014). Due to the influence of soil parent material, soil organic matter, and total nitrogen decrease with the increase in soil depth, our findings are similar to those of Wang et al. (2020b).

The SQI is a composite index rather than a value derived from a single indicator (Askari and Holden, 2015). The above soil physical and chemical properties can be used to build a regional soil quality index (SQI) through the calculation of membership degree and weight. Weight calculation results showed that total nitrogen was assigned the greatest weight, reaching a proportion of 0.174, probably because of nitrogen’s critical status in the soil nutrient cycle. Studies have shown that nitrogen is not only an important soil nutrient element but also the key factor limiting plant growth, and its effectiveness and absorption can differ according to the external environment and has changed dramatically (Ågren et al., 2012; Kuster et al., 2016). Furthermore, the weights assigned to soil organic matter, soil bulk density, and porosity also accounted for a considerable proportion; hence, there are also key factors contributing to the SQI’s determination (Mariscal et al., 2007). In this study, the soil quality of the shrub forest was significantly higher than that of other forest types, followed by the bamboo forest. In the forest types with trees, the SQI generally increased with the succession stage of the area. We found that the soil quality in the shrub forest is relatively high, which is due to the fact that shrubs within a certain coverage range can concentrate nutrients around themselves by changing factors such as soil structure and humidity, forming a “Fertility islands effect.” In other words, the soil in the shrub forest with appropriate coverage has higher soil nutrient content, thus improving the soil quality (Luca et al., 2008). The soil quality of the bamboo forest was relatively high, which might have been augmented by human disturbance and management measures, and the trends in the changes to soil quality of the other three types of arbor forest are consistent with the positive succession of the same region (Feng et al., 2018). Soil quality was greater in the broad-leaved forest than the other two arbor forest types because the broad-leaved forest in this region was in the later successional stage, once featuring richer species composition, a more complex community structure, and more efficient nutrient enrichment and cycling (Feng et al., 2016). The soil quality decreased through the soil layers, which was consistent with the trends for changes to soil total nitrogen, organic matter, bulk density, and porosity among different soil layers. Therefore, the comprehensive comparison and evaluation of our soil quality results are basically consistent with the findings of Wang et al. (2020b) in central China.




4.2.  Coupling relationship between soil quality and aboveground vegetation characteristics.


The Niche theory predicts that plant species’ growth rates are adapted to a specific environment, thus presenting different habitat preferences, and the survival and growth of trees are also an important embodiment of habitat conditions (Potts et al., 2002; Itoh et al., 2003; Zhang et al., 2017). As a carrier, soil participates in the process of material and energy exchange and circulation in terrestrial ecosystems, providing necessary water and nutrients for the growth of aboveground vegetation, and creates favorable habitat conditions, thus affecting forest regeneration and succession (Holmes, 2010). In tandem, the structure and diversity of the vegetation community can negatively influence soil formation, soil structure, and soil nutrient status (Cerqueira et al., 2012; Bloor and Bardgett, 2012). Here, we analyzed the coupling relationship between soil quality and aboveground vegetation characteristics—including average tree height, basal area, and shrub height—of the five forest types in Hunan Province. We found that, in the broad-leaved forests, soil quality was significantly negatively correlated with the basal area. This is because the broad-leaved forest in the subtropical region is in the late stage of succession. Due to density constraints, there is a strong competition between adjacent individuals of tree and shrub species, which excessively consumes nutrients in the soil (Dijkstra et al., 2010). At the same time, such a result affects soil microbial metabolism, changes soil structure and nutrient cycle efficiency, and further reduces soil quality (Kuzyakov, 2002; Zhu et al., 2010).

The positive effect of shrub height on soil quality may be the result of the competition after natural thinning and the improvement of soil quality by the winner (Luca et al., 2008). The consumption of soil quality is used by competition, and the result of its reduction is used to ensure the survival of the dominant tree species in this forest type. In the coniferous forest and the coniferous broad-leaved mixed forest, the soil quality was positively correlated with the average tree height and the basal area and has reached a significant level in general. This is due to the fact that the two forest land types are in the middle of succession, and the competition between trees is not intense; thus, the soil quality shows synchronous changes with the basal area and the average tree height. Interestingly, we found that there was a significant positive correlation between shrub height and soil quality in the coniferous forests, but the opposite was reflected in the coniferous broad-leaved mixed forests. This is because the mixed forest enriches the diversity of undergrowth vegetation and may overlap the niches of shrubs and some species, increase their competitive pressure, and then lead to declining soil quality, which cannot provide sufficient supply for their growth (Ammer, 2019). In the bamboo forest, shrub height has a positive effect on soil quality because the bamboo forest itself increased the input of organic matter to soil and strengthened the soil quality (Fukushima et al., 2015). In addition, the bamboo forest understory is relatively open, which provides a good light environment for vegetation growth there, mitigating competition pressure between species; hence, the shrub indexes and soil quality shifted in tandem (Song et al., 2017). In the shrub forest, shrub height has a negative effect on soil quality, likely due to the fierce competition in this forest caused by the huge amount of shrub vegetation present. Consequently, improved soil quality facilitated by the shrub’s presence alone is insufficient to compensate for their consumption of soil resources. In addition, as shrub coverage peaks with increasing density, water may become a limiting factor and its height growth could become inhibited, or self-thinning may occur due to the persistent and intense restriction between vegetation individuals (Ji et al., 2019).

In conclusion, the coupling between soil quality and aboveground vegetation in different forest types manifested distinct trends according to the resource competition dynamics across successional stages and the consumption of soil quality will give priority to the growth of dominant trees. Although this study used the soil physical and chemical properties of the whole data set, we did not fully consider various kinds of woodland soil nutrients and their innate ambient differences. Also ignored are trace elements necessary for plant growth and development and other chemical and biological factors, such as soil microbial community composition/activity, so our soil quality evaluation of the study area harbors certain inherent limitations. Finally, although we set up plots in different forest types, the age and structure of each differ to some extent, so their soil–vegetation interaction relationships warrant further study with both aspects incorporated in the sampling design.





5.  Conclusion.


The vegetation distribution of the five distinctive forest types in China’s subtropical Hunan Province arose from their habitat preferences in this climate zone. Soil, as a necessary habitat condition for aboveground vegetation, directly determines the persistence and fitness of plant species. Soil quality was evaluated based on the weighted calculation of soil physical and chemical properties. There were significant differences in soil physical and chemical properties among forest types and different soil layers. Soil total nitrogen, as a crucial nutrient in terrestrial ecosystems, accounted for a greater absolute proportion in the soil quality evaluation. Significant differences in soil quality were discernible among the forest types as follows: shrub forest > bamboo forest > broad-leaved forest > mixed coniferous and broad-leaved forest > coniferous forest; this ranking pattern is likely caused by changes to the soil physical and chemical properties of vegetation in differing successional stages associated with each forest type. In general, there was a negative correlation between vegetation richness and soil quality in the broad-leaved forest and the shrub forest. However, in the coniferous forest, the mixed coniferous and broad-leaved forest, and the bamboo forest, the competitive advantage of shrubs was still suppressed by strong dominant species, and there was positive correlation between vegetation and soil quality. As a necessary habitat condition for aboveground vegetation, soil directly determines the survival and prosperity of species. The nutrient return of litter can also supplement soil quality, thus enhancing the chances of vegetation survival. Under a strong competitive environment, vegetation and soil interact, whereby as one aspect wanes, the other waxes. By contrast, under a weak competitive environment, there is a milder relationship between vegetation and soil such that some of their aspects promoted each other. Looking ahead, our focus on soil quality evaluation data will shift to trace elements in soil, biological factors’ expansion, and the unification of forest age and structural dynamics, which is the key to further explore the soil–vegetation interactions in this region.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author contributions

YS and JL drafted the manuscript. FC and LW participated in collecting the experiment data. RC and WX was involved in planning of study and designing of the work. The remaining authors contributed to refining the ideas, carrying out additional analyses and finalizing this paper. All authors contributed to the article and approved the submitted version.




Acknowledgments

We thank the staff who provided assistance in sampling and investigations in the selected sites and the National Forest Ecosystem Station of Three Gorges Reservoir in Zigui County that provided support in investigations and sample processes. We thank  reviewers for very helpful comments and suggestions. This work was supported by the Research and Development Project of Ecology and Nature Conservation Institute, Chinese Academy of Forestry (grant number 99814-2020).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2022.1009109/full#supplementary-material






References

 Ågren, G. I., Wetterstedt, J.Å.M., and Billberger, M. F. K. (2012). Nutrient limitation on terrestrial plant growth-modeling the interaction between nitrogen and phosphorus. New Phytol. 194, 953–960. doi: 10.1111/j.1469-8137.2012.04116.x

 Al-Shammary, A. A. G., Kouzani, A. Z., Kaynak, A., Khoo, S. Y., Norton, M., and Gates, W. (2018). Soil bulk density estimation methods: A review. Pedosphere 28, 581–596. doi: 10.1016/S1002-0160(18)60034-7

 Ammer, C. (2019). Diversity and forest productivity in a changing climate. New Phytol. 221, 50–66. doi: 10.1111/nph.15263

 An, S., Mentler, A., Mayer, H., and Blum, W. E. H. (2010). Soil aggregation, aggregate stability, organic carbon and nitrogen in different soil aggregate fractions under forest and shrub vegetation on the loess plateau, China. Catena. 81, 226–233. doi: 10.1016/j.catena.2010.04.002

 Askari, M. S., and Holden, N. M. (2015). Quantitative soil quality indexing of temperate arable management systems. Soil Tillage Res. 150, 57–67. doi: 10.1016/j.still.2015.01.010

 Bao, S. D. (2000). Soil and agricultural chemistry analysis (Beijing, China: China Agriculture Press), 25–239.


 Bi, C. J., Chen, Z. L., Wang, J., and Zhou, D. (2013). Quantitative assessment of soil health under different planting patterns and soil types. Pedosphere 23, 194–204. doi: 10.1016/S1002-0160(13)60007-7

 Bloor, J. M. G., and Bardgett, R. D. (2012). Stability of above-ground and below-ground processes to extreme drought in model grassland ecosystems: Interactions with plant species diversity and soil nitrogen availability. Perspect. Plant Ecol. Evol. Systematics 14, 193–204. doi: 10.1016/j.ppees.2011.12.001

 Cerqueira, B., Vega, F. A., Silva, L. F. O., and Andrade, L. (2012). Effects of vegetation on chemical and mineralogical characteristics of soils developed on a decantation bank from a copper mine. Sci. Total Environ. 421-422 (none), 220–229. doi: 10.1016/j.scitotenv.2012.01.055

 Chen, Z. F., Shi, D. M., Jin, H. F., Lou, Y. B., He, W., and Xia, J. R. (2019). Evaluation on cultivated-layer soil quality of sloping farmland in yunnan based on soil management assessment framework (SMAF). Trans. Chin. Soc. Agric. Eng. (Transactions CSAE) 35, 256–267. doi: 10.11975/j.issn.1002-6819.2019.03.032

 Cong, W. F., Ruijven, J., Mommer, L., Deyn, G. B. D., Berendse, F., and Hoffland, E. (2014). Plant species richness promotes soil carbon and nitrogen stocks in grasslands without legumes. J. Ecol. 102, 1163–1117. doi: 10.1111/1365-2745.12280

 Crowther, T. W., Hoogen, J. V. D., Wan, J., Mayes, M. A., Keiser, A. D., Mo, L., et al. (2019). The global soil community and its influence on biogeochemistry. Science 365, eaav0550. doi: 10.1126/science.aav0550

 Davis, E. L., Hager, H. A., and Gedalof, Z. (2018). Soil properties as constraints to seedling regeneration beyond alpine treelines in the Canadian rocky mountains. Arctic Antarctic Alpine Res. 50, e1415625. doi: 10.1080/15230430.2017.1415625

 Dawud, S. M., Raulund-Rasmussen, K., Ratcliffe, S., Domisch, T., Finér, L., Joly, F. X., et al. (2017). Tree species functional group is a more important driver of soil properties than tree species diversity across major European forest types. Funct. Ecol. 31, 1153–1162. doi: 10.1111/1365-2435.12821

 Dijkstra, F. A., Morgan, J. A., Blumenthal, D., and Follett, R. F. (2010). Water limitation and plant inter-specific competition reduce rhizosphere-induced c decomposition and plant n uptake. Soil Biol. Biochem. 42, 1073–1082. doi: 10.1016/j.soilbio.2010.02.026

 Dong, J. Q., Zhang, Y., Fu, W. J., Liu, H. Y., Wang, Z., Lü, L. J., et al. (2021). Spatial variation of soil nutrients and evaluation of integrated soil fertility in Torreya grandis cv. Merrillii region. Acta Ecologica Sin. 41, 2292–2304. doi: 10.5846/stxb202006051455

 Doran, J. W., and Parkin, T. B. (1994). Defining and assessing soil quality. Soil Sci. Soc. America Special Publication Madison. 35, 149–157. doi: 10.2136/sssaspecpub35.c1

 Feng, G., Ai, X. R., Zang, R. G., and Ding, Y. (2016). Soil characteristics under different community types in the subtropical evergreen and deciduous broad-leaved mixed forest in southwest hubei. J. Natural Resour. 31, 1173–1184. doi: 10.11849/zrzyxb.20150744

 Feng, J. Y., Chu, S. S., Wang, J., Wu, D. M., Mo, Q. F., and Zeng, S. C. (2018). Comprehensive evaluation of soil fertility of five typical forest stands in south China. J. South China Agric. Univ. 39, 73–81. doi: 10.7671/j.issn.1001-411X.2018.03.012

 Fukushima, K., Usui, N., Ogawa, R., and Tokuchi, N. (2015). Impacts of moso bamboo (Phyllostachys pubescens) invasion on dry matter and carbon and nitrogen stocks in a broad-leaved secondary forest located in Kyoto, western Japan. Plant Species Biol. 30, 81–95. doi: 10.1111/1442-1984.12066

 Greenwood, S., Chen, J. C., Chen, C. T., and Jump, A. S. (2015). Temperature and sheltering determine patterns of seedling establishment in an advancing subtropical tree line. J. Vegetation Sci. 26, 711–721. doi: 10.1111/jvs.12269

 Gruijter, J., Walvoort, D., and Bragato, G. (2011). Application of fuzzy logic to boolean models for digital soil assessment. Geoderma 166, 15–33. doi: 10.1016/j.geoderma.2011.06.003

 Guo, L. L., Sun, Z. G., Ouyang, Z., Han, D. R., and Li, F. D. (2017). A comparison of soil quality evaluation methods for fluvisol along the lower yellow river. Catena 152, 135–143. doi: 10.1016/j.catena.2017.01.015

 Haghverdi, K., and Kooch, Y. (2019). Effects of diversity of tree species on nutrient cycling and soil-related processes. Catena 178, 335–344. doi: 10.1016/j.catena.2019.03.041

 Holmes, P. M. (2010). Shrubland restoration following woody alien invasion and mining: Effects of topsoil depth, seed source, and fertilizer addition. Restor. Ecol. 9, 71–84. doi: 10.1046/j.1526-100x.2001.009001071.x

 Hong, S. B., Piao, S. L., Chen, A. P., Liu, Y. W., Liu, L. L., Peng, S. S., et al. (2018). Afforestation neutralizes soil pH. Nat. Commun. 9, 520. doi: 10.1038/s41467-018-02970-1

 Huang, X. F., Li, S. Q., Li, S. Y., Ye, G. Y., Lu, L. J., Zhang, L., et al. (2019). The effects of biochar and dredged sediments on soil structure and fertility promote the growth, photosynthetic and rhizosphere microbial diversity of Phragmites communis (Cav.) trin. ex steud
. Sci. Total Environ. 697, 134073. doi: 10.1016/j.scitotenv.2019.134073

 Huang, Z. J., Selvaraj, S., Vasu, D., Liu, Q. Q., Cheng, H., Guo, F. T., et al. (2018). Identification of indicators for evaluating and monitoring the effects of Chinese fir monoculture plantations on soil quality. Ecol. Indic. 93, 547–554. doi: 10.1016/j.ecolind.2018.05.034

 Itoh, A., Yamakura, T., Ohkubo, T., Kanzaki, M., Palmiotto, P. A., Lafrankie, J. V., et al. (2003). Importance of topography and soil texture in the spatial distribution of two sympatric dipterocarp trees in a bornean rain forest. Ecol. Res. 18, 307–320. doi: 10.1046/j.1440-1703.2003.00556.x

 Jansson, J. K., and Tas, N. (2014). The microbial ecology of permafrost. Nat. Rev. Microbiol. 12, 414–425. doi: 10.1038/nrmicro3262

 Ji, W. J., Hanan, N. P., Browning, D. M., Monger, H. C., Peters, D. P. C., Bestelmeyer, B. T., et al. (2019). Constraints on shrub cover and shrub-shrub competition in a U.S. southwest desert. Ecosphere 10, e02590. doi: 10.1002/ecs2.2590

 Kuster, T. M., Wilkinson, A., and Hill, P. W. (2016). Warming alters competition for organic and inorganic nitrogen between co-existing grassland plant species. Plant Soil 406, 117–129. doi: 10.1007/s11104-016-2856-7

 Kuzyakov, Y. (2002). Review: Factors affecting rhizosphere priming effects. journal of plant. Nutr. Soil Sci. 22, 66–70. doi: 10.1002/1522-2624(200208)165:4382::AID-JPLN3823.0.CO;2-

 Lal, R. (2016). Soil health and carbon management. Food Energy Secur. 5, 212–222. doi: 10.1002/fes3.96

 Lange, M., Eisenhauer, N., Sierra, C. A., Bessler, H., Engels, C., Griffiths, R. I., et al. (2015). Plant diversity increases soil microbial activity and soil carbon storage. Nat. Commun. 6, 6707. doi: 10.1038/ncomms7707

 Li, Q. X., Jia, Z. Q., Liu, T., Feng, L. L., and He, L. X. Z. (2017a). Effects of different plantation types on soil properties after vegetation restoration in an alpine sandy land on the Tibetan plateau, China. J. Arid Land 9, 200–209. doi: 10.1007/s40333-017-0006-6

 Li, D. D., Nan, H. W., Liang, J., Cheng, X. Y., Zhao, C. Z., Yin, H. J., et al. (2017b). Responses of nutrient capture and fine root morphology of subalpine coniferous tree. Picea asperata to nutrient heterogeneity competition. PLoS One 12, e0187496. doi: 10.1371/journal.pone.0187496

 Liu, Z. D., Li, B., Fang, X., Xiang, W. H., Tian, D. L., Yan, W. D., et al. (2016). Dynamic characteristics of forest carbon storage and carbon density in the hunan province. Acta Ecologica Sin. 36, 6897–6908. doi: 10.5846/stxb201504230837

 Liu, M., Li, C. C., Xu, X. L., Wanek, W., Jiang, N., Wang, H. M., et al. (2017). Organic and inorganic nitrogen uptake by 21 dominant tree species in temperate and tropical forests. Tree Physiol. 11, 1515–1526. doi: 10.1093/treephys/tpx046

 Liu, J. F., Su, S. J., He, Z. S., Jiang, L., Gu, X. G., Xu, D. W., et al. (2020). Relationship between Pinus taiwanensis seedling regeneration and the spatial heterogeneity of soil nitrogen in daiyun mountain, southeast China. Ecol. Indic. 115, 106398. doi: 10.1016/j.ecolind.2020.106398

 Liu, Z. J., Zhou, W., Shen, J. B., Li, S. T., He, P., and Liang, G. Q. (2014). Soil quality assessment of albic soils with different productivities for eastern China. Soil Tillage Res. 140, 74–81. doi: 10.1016/j.still.2014.02.010

 Li, J., Zhou, D. D., Chen, S., Yan, H. B., and Yang, X. Q. (2021). Spatial associations between tree regeneration and soil nutrient in secondary Picea forest in guandi mountains. Chin. J. Appl. Ecol. 32, 2363–2370. doi: 10.13287/j.1001-9332.202107.006

 Loreau, M., and Hector, A. (2001). Partitioning selection and complementarity in biodiversity experiments. Nature 412, 72–76. doi: 10.1038/35083573

 Luca, R., Francesco, L., and Paolo, D. (2008). Fertility island formation and evolution in dryland ecosystems. Ecol. Society. 13, 5–17. doi: 10.2495/ARC080091

 Luna, L., Vignozzi, N., Miralles, I., and Solé-Benet, A. (2018). Organic amendments and mulches modify soil porosity and infiltration in semiarid mine soils. Land Degradation Dev. 29, 1019–1030. doi: 10.1002/ldr.2830. The state forestry administration of the People's Republic of China.


 Maia, V. A., Souza, C. R. D., Aguiar-Campos, N. D., Fagundes, N. C. A., Santos, A. B. M., Paula, G. G. P. D., et al. (2020). Interactions between climate and soil shape tree community assembly and above-ground woody biomass of tropical dry forests. For. Ecol. Manage. 474, 118348. doi: 10.1016/j.foreco.2020.118348

 Mariscal, I., Peregrina, F., Terefe, T., González, P., and Espejo, R. (2007). Evolution of some physical properties related to soil quality in the degraded ecosystems of "raña" formations from SW Spain. Sci. Total Environment. 378, 130–132. doi: 10.1016/j.scitotenv.2007.01.025

 Masto, R. E., Chhonkar, P. K., Singh, D., and Patra, A. K. (2008). Alternative soil quality indices for evaluating the effect of intensive cropping, fertilisation and manuring for 31 years in the semi-arid soils of India. Environ. Monit. Assess. 136, 419–435. doi: 10.1007/s10661-007-9697-z

 Mondino, E. B., Fabietti, G., and Marsan, F. A. (2015). Soil quality and landscape metrics as driving factors in a multi-criteria GIS procedure for peri-urban land use planning. Urban Forestry Urban Greening 14, 743–750. doi: 10.1016/j.ufug.2015.07.004

 Nishar, A., Bader, M. K. F., O’Gorman, E. J., Deng, J. Y., Breen, B., and Leuzinger, S. (2017). Temperature effects on biomass and regeneration of vegetation in a geothermal area. Front. Plant Sci. 8. doi: 10.3389/fpls.2017.00249

 Norris, C. E., Hogg, K. E., Maynard, D. G., and Curran, M. P. (2014). Stumping trials in British Columbia-organic matter removal and compaction effects on tree growth from seedlings to midrotation stands. Can. J. For. Res. 44, 1402–1418. doi: 10.1139/cjfr-2014-0168

 Obade, V. D. P. (2019). Integrating management information with soil quality dynamics to monitor agricultural productivity. Sci. Total Environ. 651, 2036–2043. doi: 10.1016/j.scitotenv.2018.10.106

 Obade, V. D. P., and Lal, R. (2016). A standardized soil quality index for diverse field conditions. Sci. Total Environ. 541, 424–434. doi: 10.1016/j.scitotenv.2015.09.096

 Pardo, L. H., Semaoune, P., Schaberg, P. G., Eagar, C., and Sebilo, M. (2013). Patterns in δ 15N in roots, stems, and leaves of sugar maple and American beech seedlings, saplings, and mature trees. Biogeochemistry 112, 275–229. doi: 10.1007/s10533-012-9724-1

 Potts, M. D., Ashton, P. S., Kaufman, L. S., and Plotkin, J. B. (2002). Habitat patterns in tropical rain forests: A comparison of 105 plots in northwest Borneo. Ecology 83, 2782–2797. doi: 10.2307/3072015

 Qiao, L., Schaefer, D. A., and Zou, X. M. (2014). Variations in net litter nutrient input associated with tree species influence on soil nutrient contents in a subtropical evergreen broad-leaved forest. Chin. Sci. Bulletin. 59, 46–53. doi: 10.1007/s11434-013-0019-2

 Rahmanipour, F., Marzaioli, R., Bahrami, H. A., Fereidouni, Z., and Bandarabadi, S. R. (2014). Assessment of soil quality indices in agricultural lands of qazvin province, Iran. Ecol. Indic. 40, 19–26. doi: 10.1016/j.ecolind.2013.12.003

 Rboertson, G. P., and Vitowsek, P. M. (1981). Nitrification potentials in primary and secondary succession. Ecology. 62, 376–386. doi: 10.2307/1936712

 R Core Team
 (2019). R: A language and environment for statistical computing (Vienna, Austria: R Foundation for Statistical Computing).


 Reich, A. P. B., Wright, I. J., Bares, J. C., Craine, J. M., Oleksyn, J., Westoby, M., et al. (2003). The evolution of plant functional variation: Traits, spectra, and strategies. Int. J. Plant Sci. 164, 143–164. doi: 10.1086/374368

 Russell, K. N., and Beauchamp, V. B. (2017). Plant species diversity in restored and created Delmarva bay wetlands. Wetlands 37, 1119–1133. doi: 10.1007/s13157-017-0945-x

 Shao, G. D., Ai, J. J., Sun, Q. W., Hou, L. Y., and Dong, Y. F. (2020). Soil quality assessment under different forest types in the mount tai, central Eastern China. Ecol. Indic. 115, 106439. doi: 10.1016/j.ecolind.2020.106439

 Song, X. Y., Hogan, J. A., Brown, C., Cao, M., and Yang, J. (2017). Snow damage to the canopy facilitates alien weed invasion in a subtropical montane primary forest in southwestern China. For. Ecol. Manage. 391, 275–281. doi: 10.1016/j.foreco.2017.02.031

 Technical regulations for forest soil survey
 (2014). The industry standard of the people's republic of China, (LY/T 2250-2014), national forestry and grassland administration.


 Tumushime, I., Vogel, J. G., Minor, M. N., and Jokela, E. J. (2019). Effects of fertilization and competition control on tree growth and c, n, and p dynamics in a loblolly pine plantation in north central Florida. Soil Sci. Soc. America J. 83, 242–251. doi: 10.2136/sssaj2018.08.0289

 Vasu, D., Singh, S. K., Ray, S. K., Duraisami, V. P., Duraisami, V. P., Tiwary, P., et al. (2016). Soil quality index (SQI) as a tool to evaluate crop productivity in semi-arid deccan plateau, India. Geoderma 282, 70–79. doi: 10.1016/j.geoderma.2016.07.010

 Wang, X. R., Hu, W. J., Pang, H. D., Cui, H. X., Tang, W. P., Zhou, W. C., et al. (2020b). Study on soil physical and chemical properties and soil quality of main forest types in hubei province. J. Cent. South Univ. Forestry Technology. 40, 156–166. doi: 10.14067/j.cnki.1673-923x.2020.11.019

 Wang, M. Y., Yang, J., Gao, H. L., Xu, W. S., Dong, M. Q., Shen, G. C., et al. (2020a). Interspecific plant competition increases soil labile organic carbon and nitrogen contents. For. Ecol. Manage. 462, 117991. doi: 10.1016/j.foreco.2020.117991

 Yang, J. P., Zhang, Y., Liang, Z. Y., Yue, K., Fu, C. K., Ni, X. Y., et al. (2020). The optical properties in alkali-soluble fractions extracted from newly shed litters in a subalpine forest. J. Soil sediments 20, 1276–1284. doi: 10.1007/s11368-019-02535-9

 Yuan, Y., Zhao, Z. Q., Li, X. Z., Wang, Y. Y., and Bai, Z. K. (2018). Characteristics of labile organic carbon fractions in reclaimed mine soils: Evidence from three reclaimed forests in the pingshuo opencast coal mine, China. Sci. Total Environ. 613-614, 1196–1206. doi: 10.1016/j.scitotenv.2017.09.170

 Zhang, Y. H., Xu, X. L., Li, Z. W., Liu, M. X., Xu, C. H., Zhang, R. F., et al. (2019). Effects of vegetation restoration on soil quality in degraded karst landscapes of southwest China. Sci. total Environ. 650, 2657–2665. doi: 10.1016/j.scitotenv.2018.09.372

 Zhang, H., Yang, X. Q., Wang, J. Y., GeoffWang, G., Yu, M. K., and Wu, T. G. (2017). Leaf n and p stoichiometry in relation to leaf shape and plant size for Quercusacutissima provenances across China. Sci. Rep. 7, 46133. doi: 10.1038/srep46133

 Zhu, Y., Mi, X. C., Ren, H. B., and Ma, K. P. (2010). Density dependence is prevalent in a heterogeneous subtropical forest. Oikos 119, 109–119. doi: 10.1111/j.1600-0706.2009.17758.x


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Shen, Li, Chen, Cheng, Xiao, Wu and Zeng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/M4.jpg
SQI= 37, WiQ

“@





OEBPS/Images/M2.jpg
@






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Correlations between forest soil quality and aboveground vegetation characteristics in Hunan Province, China

      

        		

          1.  Introduction.

        



        		

          2.  Materials and methods.

        

          		

            2.1.  Study region.

          



          		

            2.2.  Methodology.

          

            		

              2.2.1.  Plot selection and investigation.

            



            		

              2.2.2.  Soil sampling and determination of physical and chemical factors.

            



            		

              2.2.3.  Soil quality assessment.

            



          



          



          		

            2.3.  Data.

          

            		

              2.3.1.  Analysis of variance significance.

            



            		

              2.3.2.  Principal component analysis.

            



            		

              2.3.3.  Regressive analysis.

            



          



          



        



        



        		

          3.  Results.

        

          		

            3.1.  Distribution characteristics of aboveground vegetation in different forest types.

          



          		

            3.2.  Characteristics of soil physicochemical properties in different forest types.

          



          		

            3.3.  Evaluation of soil quality in different forest types.

          



          		

            3.4.  Correlations between soil quality and aboveground vegetation characteristics.

          



        



        



        		

          4.  Discussion.

        

          		

            4.1.  Evaluation of soil quality in the forest types.

          



          		

            4.2.  Coupling relationship between soil quality and aboveground vegetation characteristics.

          



        



        



        		

          5.  Conclusion.

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2022.1009109_cover.jpg
& frontiers | Frontiers in Plant Science

Correlations between forest

soil quality and aboveground

vegetation characteristics in
Hunan Province, China





OEBPS/Images/table2.jpg
Types of woodland Origin
land

1 Plantation
Natural
forests

1T Plantation
Natural
forests

i Plantation
Natural
forests

v Plantation
Natural
forests

v Plantation
Natural
forests

I: broad-leaved forest; 1I: coniferous forest; I11: mixed coniferous and broad-leaved forest; I

Number of
plots

20

21

Succession
stage

Forest stage

Forest stage

Forest stage

Forest stage

Shrub stage

Altitude

(m)

45~1533

85~1102

60~1623

50~1795

480~1835

Large
terrain

Mountains;
hills

Mountains;
hills

Mountains;
hills

Mountains;
hills

Mountains

Small
terrain

Slopes; flats

Slopes

Slopes

Slopes; flats

Slopes

bamboo forest; V: shrub forest. The same below.

Canopy

0.3~0.95

0.2~0.95

0.1~0.95

0.6~0.98

Coverage

6%~90%

4%~80%

2%~90%

1%~50%

2%~90%





OEBPS/Images/fpls-13-1009109-g004.jpg
A B

Average tree height (m) Average tree height (m) Average tree height (m) 3
& P
0.9 > Nl &
ossl o 2 o8 B & & o & & @
0 § § & & &
0.801 4 . . € = 4 S N & N
T . 08 -~ % e < ¢ ¢ &S
— 0.75¢ e — . . _ 0.7 S S
L .
Ro070, * o e 2 8 0.7 “ 1724 . . Stand density
. L5 . . . .. 06( = . .
.
0.65¢ 0.6 o . .
I | il 1) . . . 0.5 . . Average tree height|
6 8 10 12 3 10 15 20 25 5 10 15
R>=0.10 P =0.131 R2=0.23 P=0.021 R?>=0.15P=10.034
Basal area (m*hm?) Basal area (m*hm?) Basal area (m*’hm?)
0.85{ 085 . Dominant tree height|
. 0.80{ . * p 0.8 o .o
0.801 ® . ® e
_ o | 07 . % o o7 . Y L Shrub coveragel
gu 75 *e gn 701 K . g s AN
L} 4 o8 0.61
R 065 " . S0 Shrub height]
0.70{ . 060! . .
PR 060| ¥ . 05 . !
3 2 =1 2 B 0 -3 2 =1 0

R?=0.25 P=0.022 R?=0.24 P=0.028 R*=0.08 P=0.120

Shrub height (¢cm) Shrub height (cm) Shrub height (cm) Shrub height (¢cm) Shrub height (cm)
085* . 0.80{ o2 L o ®
* ‘. 09| 09
080{ M 3 075 0.75 .
' . .73 X’ > <~ . j .
— 075 [ —p.70| 0701 © * — — 08 B
=l - o | o' * K o e . D! c . >
L2 0.70{ v @y 651 > . Qoesi® . . 7] 171 e
oo o o . .. 0.7 .
0651 . 0,601 * . 0,601 . o 07 e @
L o ’ = = = * o 0.6/
[ 100 200 300 100 200 300 100 130 200 250 300 100 200 300 400 150 200 250 300 350

R?*=0.003 P=0.785 R*=0.22 P=0.037 R?=0.28 P=0.007 R*=0.57 P=0.085 R*=0.74 P =0.063
1 11 111 v Vv





OEBPS/Images/fpls-13-1009109-g002.jpg
[ 0~10em

10 ~20 cm
20 ~40cm





OEBPS/Images/table3.jpg
Soil properties

SD

SP

pH

SOM

STN

STP

STK

Eigen values
Variance contribution

Cumulative variance contribution

SD, soil bulk density; SP, soil porosity; pH, pH value; SOM, soil organic matter; STN, soil total nitrogen; STP, soil total phosphorus; STK, soil total potassium.

PC1

-0.904
0.905
-0.229
0.900
0.935
0.680
-0.100
3.846
54.937%
54.937%

PC2

0.077
-0.077
0.844
-0.030
0.087
0.484
0.509
1.226

17.508%
72.445%

Common factor variance

0.824
0.825
0.765
0.810
0.882
0.697
0.269

Weights

0.162
0.163
0.151
0.160
0.174
0.137
0.053





OEBPS/Images/M3.jpg
®





OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/M1.jpg
[0}





OEBPS/Images/fpls-13-1009109-g003.jpg





OEBPS/Images/table1.jpg
City

Changsha
Yizhang
Dongkou
Longshan
Pingjiang
Sangzhi
Shimen
Taojiang
Shufu
Xinhua
Chaling
Hengshan
Shuangpai
Xiangtan

Longitude

112°36'~113°35'E
112°88'~112°99'E
110°19'~110°44'E
109°65'~109°6'E
113°88'~113°94'E
110°05'~110°08'E
110°77'~110°87'E
112°17'~112°28'E
110°50'~110°57'E
110°30'~111°31'E
113°47'~113°50'E
112°69'~112°75'E
110°91'~110°96'E
112°77'~112°86'E

Latitude

28°00'~28°36'N
24°93'~24°99'N
26°99'~27°15'N
29°58'~29°62'N
26°58'~28°60'N
29°69'~29°78'N
29°95'~30°11'N
28°25'~28°54'N
27°77'~27°91'N
28°14'~28°19'N
26°78'~27°29'N
27°28'~28°28'N
26°08'~26°43'N
27°50'~27°93'N

Number of plots

[ T N T T N S





OEBPS/Images/fpls-13-1009109-g001.jpg
Vv

111

2 =

T E & % =

(curyw) vare [eseg (w2) WAy qrays

P = =

= - =
() oy aan afeoay

E] ]
(04) aSmian0a grayg

m m m g = E] =] - ]
(AR ) ANSUap puels () wEay a0 weunuog]





