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Abstract

:

Alpine meadow degradation causes a notable decrease in palatable grasses and an increase in forbs and toxic plants in recent decades. Stellera chamaejasme is one of the most serious toxic weeds, which exerts an increasing threat on alpine meadow in Qinghai–Tibetan Plateau. Combined DNA sequencing with geostatistics was applied to analyze a typical degraded meadow invaded by S. chamaejasme in Qinghai Province, China. The study aimed to determine the spatial variation of soil fungi and its interrelationship with the plant–soil environment. Alpha diversity and relative abundance of fungal phyla and classes showed moderate or strong spatial dependency and were structured in patches of 19–318 m, and taxonomic composition exhibited much higher spatial variability than alpha diversity. Compared to plant cover, the matching of patch size showed a closer spatial link between soil properties and fungal community. Community coverage, SOM, TN, TP, and TK positively correlated to fungal diversity and taxonomic composition; no direct correlation was found between S. chamaejasme coverage and fungal community. The result suggested significant but weak association between plant–soil properties and soil fungal community at local scale. Patchy pattern of S. chamaejasme may disturb spatial variations of soil properties and fungal community, since S. chamaejasme in higher coverage corresponded to lower TK content, which contributed to a decrease in fungal diversity indirectly.
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1. Introduction


Soil microbes play key roles in the regulation of soil biogeochemical cycles [1]. Similar to plants and animals, soil microbes exhibit distinct heterogeneity at multiscales, which are not randomly but structurally distributed in space [2,3,4,5]. Studies on the spatial pattern of soil microbial communities provide important information on mechanisms for generating and maintaining microbial biodiversity [2,6]. Soil properties, plant cover, land management, and climate condition are highlighted as main factors influencing the distribution of soil microbial communities [3,4]. However, knowledge of spatial patterns and determinants of these communities is still limited, which restricts our understanding on the linkage between soil microbes, environment, and ecological processes across a wide range of scales [5,7].



Alpine meadow is the most representative ecosystem on the Qinghai–Tibetan Plateau (QTP), which suffers serious degradation due to climate change and human activity in recent decades. Studies on the microbe–environment relationship have been carried out in the region. Plant–plant interactions can mediate the partitioning of inorganic nitrogen between plants and soil microbes [8]; plant diversity has a predominant effect on soil fungal richness, along with C:N ratio, soil phosphorus, and dissolved organic carbon [9]. Warming changed the community structure of soil microbes significantly, and affected soil fungal and bacterial diversity to different extents [10,11,12]. Slope aspect can influence microbial composition by altering plant communities, soil properties, and environmental factors [13]. Some studies showed meadow degradation can affect soil microbes in multiple ways, including soil nutrient and moisture reduction, soil pH alteration, and soil surface erosion [14,15,16,17,18]. Higher bacterial richness is associated with lower potential soil multifunctionality along degradation gradients [19]. Severe degradation significantly shifted bacterial and fungal composition and increased community diversity in comparison with nondegraded meadow [20]. Further study revealed that soil moisture content, pH, and soil nutrients are the main factors influencing soil microbial community and functional structure during the process of degradation [21].



Previous studies focused on investigating the environmental determinants of soil microbes and responses of microbes to meadow degradation. Nevertheless, the spatial distribution of soil microbial community in degraded meadow is generally unknown, and the interrelationship among plant, soil, and microbes needs to be further identified. In recent years, spatial approaches that integrate GIS technologies have been applied to research related to soil microbes. These methods allow for the accurate connection of field-measured microbial information with environmental parameters, and enable us to better understand the factors that drive the spatial pattern of soil microbes [3,4,22].



Changes in plant community composition were associated with the process of meadow degradation, notably a decrease in palatable grasses and a corresponding increase in forbs and toxic plants [23]. Stellera chamaejasme (Thymelaeaceae family), a toxic perennial weed, has progressively replaced native Kobresia and Poa species and dominates in the degraded meadows [24]. S. chamaejasme spread rapidly on the QTP and brought increasingly severe impacts on the alpine ecosystem, serving as an indicator of grassland degradation. Therefore, an investigation was conducted by intensive and systematic sampling in a typical S. chamaejasme-invaded meadow in the study. Using DNA sequencing and geostatistics, our primary objectives were (1) to characterize the spatial variation of soil fungi and disentangle its spatial linkage with plant–soil parameters, and (2) to determine which parameters drive the distribution of soil fungi at local scale and evaluate the potential impact of S. chamaejasme on the distribution. The work may help us to decipher soil microbial biogeography in degraded grassland at small scale, and provide valuable implications in management, restoration, and development of degraded meadows.




2. Materials and Methods


2.1. Study Site


The study was carried out in Qilian County, Haibei Tibetan Autonomous Prefecture, Qinghai Province. The region is characterized by low hills and flat valleys with an average altitude of about 3000 m. It is characterized by a typical plateau climate with an annual average precipitation of 411.7 mm, concentrating from May to September. The annual average temperature is 1 °C with a mean temperature of −11.7 °C in January and 14.2 °C in July. Alpine meadow is the main vegetation type in the region, and is used as winter pasture by local herdsmen yearly, from December to May. Due to overgrazing in the last few decades, S. chamaejasme has spread to many towns of Qilian County, including Ebao, Mole, Arou, and Yeniugou. The sampling site is situated in Baishiya Village of Ebao Town (38°02′32.54″ N, 100°32′2.97″ E), with an average altitude of 3070 m and an average slope of 6.7°. S. chamaejasme is densely distributed in clumped patches; other common species include Kobresia myosuroides, Poa annua, Potentilla multifida, Medicago ruthenica, Elymus nutans and Agropyron cristatum, etc. The soil type is Mat Cry-gelic Cambisols, composed of 19% clay, 64.7% silt, and 16.3% sand.




2.2. Soil Sampling and Processing


Topsoil samples were collected during the blooming stage of S. chamaejasme in mid- July. Fifty quadrats (1 m × 1 m) were placed in an area of 23,000 m2 on a grid of approximately 22 m × 22 m. A digital photograph was taken vertically over each quadrat and bulk soil samples were acquired using the soil-drilling method. Soil samples were kept at 4 °C in cool boxes and transported to the laboratory. Subsamples were used for measurement of soil physicochemical properties, including water moisture, organic matter, and total content of nitrogen, phosphorus, and potassium. Subsamples were frozen at −80 °C for DNA extraction. Community coverage (CC) and S. chamaejasme coverage (SC) were estimated for each quadrat by photographic interpretation. Soil moisture (SM) samples were oven-dried at 105 °C for 12 h; soil moisture was calculated gravimetrically. Soil nutrient samples were air-dried and sieved by a 0.15 mm grid for further chemical analysis. Soil organic matter (SOM) was measured by the potassium dichromate heating oxidation–volumetric method, total nitrogen (TN) by Kjeldahl method, total phosphorus (TP) by NaOH fusion and Mo–Sb colorimetry, and total potassium (TK) by NaOH fusion and flame photometry [25].




2.3. DNA Extraction and Sequencing Analysis


Soil DNA was extracted from each soil sample of 250 mg using the MOBIO Power Soil DNA kit (Qiagen, Hilden, Germany). The internal transcribed spacer (ITS1) of the ribosomal RNA (rRNA) gene was amplified with the primers ITS1F and ITS2R. The PCR reaction mixture contained 2.5 µL of 10 × PCR buffer, 1 µL of 10 mmol L−1 dNTP, 1 µL each of 10 µmol L−1 forward and reverse primers, 2 µL of 50 ng µL−1 soil DNA template, 0.4 µL of 5 U µL−1 TaqDNA polymerase, and 17.1 µL of ddH2O. PCR conditions were as follows: 95 °C, 5 min; 95 °C, 30 s; 50 °C, 30 s; 72 °C, 40 s; and 72 °C, 7 min. PCR products were purified using MoBio UltraClean PCR Clean-Up Kit (Qiagen).



DNA sequencing was performed on an Illumina HiSeq 2500 platform (Illumina, San Diego, CA, USA). Raw gene sequences were assembled and quality-filtered, then chimeras were identified and removed. The resulting high-quality sequences were clustered into operation taxonomy units (OTUs) at sequence similarity of 97%. The representative sequences for OTUs were assigned to fungal taxonomic affiliations by RDP (Ribosomal Database Project) naïve Bayesian classifier [26], searching against the UNITE database [27].




2.4. Ecological and Statistical Analysis


Alpha diversity of the soil fungal community was analyzed. Margalef index (richness), Pielou index (evenness), and Shannon–Wiener index for each sample were calculated using OTUs data based on a Python script.



All data including alpha diversity index, relative abundance of fungal taxonomic composition, plant cover, and soil properties for the soil samples were tested for normality by the one-sample Kolmogorov–Smirnov (K–S) test (p > 0.05), then corresponding transformations were applied to ensure the variables not passing the test to follow normal distribution. To explore the effect of environmental factors on soil fungal communities, the Mantel test in the R package was used and significance testing was undertaken by 999 Monte Carlo permutations.




2.5. Geostatistics and Interpolation Mapping


Semivariograms were used to examine the spatial structure of soil, plant, and fungi variables. The average semivariance γ(h) is calculated according to:


  γ ( h ) =  1 2  N ( h )   ∑  i = 1  n      [  z (  x i  ) − z (  x i  + h )  ]   2     



(1)




where h is the lag distance between points    x i    and    x i   +  h  ;   z (  x i  )   and   z (  x i  + h )   are measured values at    x i    and    x i   +  h  ; and N(h) is the number of data pairs separated by the lag h. The empirical semivariograms are fitted by mathematical models to produce geostatistical parameters; common models mainly include: spherical, exponential, Gaussian, and linear.



Using the parameters defined by semivariograms, Kriging interpolation was applied to estimate and map all variables in the study. The equation follows:


   z ^  (  x 0  ) =   ∑  i = 1  n    λ i  z (  x i  )    



(2)




where    z ^  (  x 0  )   is the estimated value at the unsampled site    x 0   ;   z (  x i  )   is the measured value at the sampling site    x i   ;    λ i    is the weight associated with the site    x i   , samples closer to the unsampled point have greater impacts and higher weights; and n is the number of points used in estimation.



The best semivariogram models for all variables were fitted using Environmental Science (GS+) software. Using the geostatistical parameters produced and based on ArcGIS software, Ordinary Kriging was then performed to map the distribution of the variables across the sampling site.





3. Results


3.1. Plant Cover, Soil Property, and Soil Fungal Characteristics


3.1.1. Plant Cover and Soil Property


High plant community coverage was observed at the sampling site with a mean value of 87.37 %, and S. chamaejasme was distributed in dense patches with an average coverage 20.33 %. The soil is rich in SOM, TN, and TK, with mean values of 40.20, 2.16, and 20.07 g.kg−1, but poor in TP with a mean value of 0.59 g.kg−1. Coefficient of variation (CV) was used to evaluate data dispersion; data can be considered weak, moderate, and strong dispersion with the CV < 0.1, 0.1–1, and > 1, respectively [28]. According to CV values, community coverage was weakly dispersed and S. chamaejasme coverage was moderately dispersed; the distribution of S. chamaejasme showed much higher variation than that of the total community. CV values of SOM, TN, and TP were greater than 0.1, but CV values of TK and SM were less than 0.09, indicating different degrees of soil property variability (Table 1).




3.1.2. Soil Fungal Characteristics


Using DNA metabarcoding, 17,799–279,702 sequences were obtained from the 50 samples with a mean of 62,554 sequences. The sequence length ranged from 259 to 313 bp with a mean of 289 bp. After clustering at 97% sequence similarity, there were 12,033 OTUs in all samples, ranging from 86 to 380 with a mean of 262 OTUs per sample. The rarefaction curves confirmed that the sequencing depth sufficiently represented fungal diversity in each sample. Among the identified fungal phyla, Ascomycota dominated the overall fungal community and accounted for 61.2% of the sequences, followed by Basidiomycota (11.9%) and Zygomycota (11.7%). The rare phyla, including Chytridiomycota, Glomeromycota, and Rozellomycota, accumulated to less than 0.35% of the sequences. At the class level, Dothideomycetes (13.7%) and Sordariomycetes (11.3%) were the most abundant, followed by Leotiomycetes (7.6%), Agaricomycetes (6.6%), and Archaeorhizomycetes (6.4%). Although relative abundance of Eurotiomycetes, Pezizomycetes, Tremellomycetes, and Wallemiomycetes was below 3%, these classes were detected in most soil samples. The dominant phyla and classes identified were consistent with previous investigations conducted in alpine meadows on Tibetan Plateau [1,12,14,29].



Statistics of fungal alpha diversity and relative abundance of taxonomic composition are summarized in Table 2. CV values of alpha diversity indices ranged from 0.152 to 0.25, indicating moderate variation. CV values of relative abundance of fungal phyla and classes ranged from 0.245 to 4.255, indicating moderate and strong variation, among which CV values of the phyla of Chytridiomycota and Rozellomycota and the class of Pezizomycetes were the highest, reaching 3.717, 3.831, and 4.255, respectively. In general, relative abundance of taxonomic composition showed much higher variation than alpha diversity across the site.





3.2. Mapping of Plant Cover and Soil Property


SOM, TN, and TP did not follow normal distribution according to the one-sample K–S test; logarithmic transformation was used to normalize the distribution of the three variables and pass the significance level (p > 0.05). Semivariogram models and detailed parameters for plant cover, soil nutrients, and soil moisture are shown in Table 1. Most plant–soil variables fit the spherical model except that community coverage and TK fit the Gaussian and exponential model. Nugget/sill ratio was used to characterize the spatial dependency among variables. Nugget/sill ratio ≤ 25%, 25–75%, and > 75% represented strong, moderate, and weak or no spatial dependency, respectively [30]. Community coverage and S. chamaejasme coverage exhibited moderate spatial dependency with a nugget/sill ratio of 50.00% and 31.82%. Soil nutrients and soil moisture showed strong spatial dependency and the nugget/sill ratio ranged from 0.15% to 19.15%. Range corresponds to the scope of spatial dependence; samples separated by distances greater than the range were not spatially related [30]. Ranges of community coverage and S. chamaejasme coverage were 62.2 and 47.8 m; ranges of SOM, TN, TP, and SM varied from 24.9 to 29.5 m, but the range of TK increased to 58.5 m. Most soil properties showed smaller distance of spatial autocorrelation than plant covers.



Ordinary Kriging interpolation was applied to map the distribution of plant cover and soil properties (Figure 1). All variables exhibited heterogeneously spatial structures. Compared to community coverage and S. chamaejasme coverage, soil nutrients and soil moisture showed higher spatial variation and were structured in smaller patches, with the exception of TK. Distribution maps of SOM, TN, and TP evidenced broad similar patterns, but TK exhibited a different trend.




3.3. Mapping of Soil Fungal Diversity and Taxonomic Composition


All data of soil fungal characteristics followed a normal distribution according to the one-sample K–S test (p > 0.05). Geostatistical parameters for soil fungal alpha diversity and relative abundance of taxonomic composition are shown in Table 2. The optimum models for soil fungal characteristics were spherical and Gaussian models. Different patterns emerged for spatial autocorrelation in comparing of alpha diversity and fungal phyla and classes. All diversity indices exhibited strong spatial dependency with a nugget/sill ratio of 0.30–1.38%. Relative abundance of the dominant fungal phyla of Ascomycota, Basidiomycota, and Zygomycota were highly spatially related with the nugget/sill ratio < 7%, while the rare phyla of Chytridiomycota, Glomeromycota, and Rozellomycota were moderately spatially related with the nugget/sill ratio > 25%. Relative abundance of all fungal classes indicated strong spatial dependency with a nugget/sill ratio < 20%. The range of alpha diversity indices varied from 27.0 to 29.5 m. The range of relative abundance of fungal phyla and classes varied from 18.9 to 318 m, but most taxa (80%) exhibited a range value from 18.9 to 30.9 m. Range values did not change greatly among alpha diversity and most fungal taxa, which showed that the variability of spatial structure was relatively stable for the soil fungal community. The ranges of Chytridiomycota and Rozellomycota phyla and Pezizomycetes class were 224.4, 126.3, and 318 m, which indicate much larger distance of spatial autocorrelation than most fungal taxa.



Fungal diversity indices showed similar spatial variability, especially evenness and Shannon index, which appeared in similar patterns. Relative abundance of fungal phyla and classes showed various patterns across the degraded meadow; most of identified taxa displayed high spatial variation and were structured in small patches, with the exception of Chytridiomycota and Rozellomycota phyla, and Pezizomycetes class (Figure 2).




3.4. Correlation between Plant–Soil Parameters and Soil Fungal Characteristics


Correlation analyses between plant cover and soil properties at the sampling site are shown in Table 3. No associations were observed between community coverage and soil properties. The result generally showed negative impacts of S. chamaejasme coverage on soil properties, but only soil TK was significantly correlated to S. chamaejasme coverage; other soil properties did not vary in relation to S. chamaejasme coverage.



According to the Mantel test (Table 4), a minority of fungal characteristics indicated significant and positive correlation with the plant–soil parameters, but high correlation (R > 0.7) was not found. Meanwhile, no direct correlation was found between S. chamaejasme coverage and fungal characteristics. For fungal alpha diversity, richness weakly correlated to community coverage; evenness and Shannon index weakly correlated to TK. For species composition, the dominant phyla of Ascomycota and Basidiomycota weakly correlated to community coverage, SOM, and TN; the classes of Pezizomycetes and Wallemiomycetes correlated to SOM, TN, TP, and TK. No significant correlation was found between the other fungal phyla and classes and plant–soil parameters.





4. Discussion


4.1. Spatial Distribution of Soil Fungal Characteristics and Linkage with Plant–Soil Parameters


Many studies have demonstrated microbial biogeography at regional and landscape scales [2,3,4]. Our study showed that plant, soil, and fungi displayed different spatial variability in a locally degraded meadow. CV values for plant–soil parameters were 0.060–0.567, indicating weak and moderate variation. CV values for soil fungal characteristics ranged from 0.152 to 4.255, which were relatively higher than the environmental parameters, indicating moderate and strong variation. The varied plant growth and soil conditions may contribute to the marked change in soil fungi across the sampling area. Interpolation mapping revealed significant spatial variation in soil fungal richness, evenness, and Shannon index at local scale, which was in agreement with other studies carried out at similar or larger scales [3,31]. The spatial pattern of evenness was fairly similar to the Shannon index, which implied similar factors [3]. Mapping the relative abundance of all identified fungal phyla and classes revealed a heterogenous and specific distribution for each taxon; fungal species composition displayed various spatial patterns in patches of 19 to 318 m, suggesting different environmental determinants [4]. Alpha diversity and most fungal taxa were strongly spatially dependent with a nugget/sill ratio <25%, which may be controlled by intrinsic variation in soil characteristics and DNA pools [3,30]. Generally, the largest spatial variation was observed in fungal taxonomic composition, followed by alpha diversity, soil property, and plant cover.



Range represents the size of geographical patches and indicates the scale of spatial autocorrelation [4]. The alpha diversity indices were spatially structured in patches of 27–30 m. Relative abundance of most fungal phyla and classes was spatially structured in patches of 19–30 m. Patch sizes of alpha diversity were similar to fungal species composition, indicating a consistency of spatial scale in ecological processes of the soil fungal community. Soil physicochemical properties, mainly including SOM, TN, TP, and SM, were spatially structured in patches of 25–30 m, whereas community coverage and S. chamaejasme coverage were structured in larger patches of 48–62 m. The result showed a matching of patch size between soil property and fungal diversity and taxonomic composition, which suggests closer spatial linkage and interaction between soil environment and fungal characteristics. In other words, heterogeneity of soil properties (especially soil nutrients) may bring more immediate effects on the distribution of fungal community than plant cover.




4.2. Environmental Drivers of Soil Fungal Characteristics and Potential Impact of S. chamaejasme


The Mantel test revealed significant but weak impacts of plant–soil parameters on soil fungal communities in the sampling area. Fungal richness positively correlated to community coverage; the result was inconsistent with the finding that no significant relationship was found between fungal richness and community productivity [9]. Evenness and Shannon diversity positively correlated to soil TK, indicating the sensitivity of fungal diversity to TK content in the degraded meadow. The previous finding also indicated that TK was one of main factors influencing soil bacterial community and structure; these results confirm the impact of TK on soil microbes. Some studies reported that N and N plus P inputs increased fungal abundance and decreased fungal diversity, and P addition significantly reduced fungal species richness [29,32]; others showed N addition led to increased fungal richness [33,34]. In the contrast, no significant effects of TN and TP on fungal diversity indices were observed in this study. The discrepancies might be due to different interactions between soil properties, or different sampling strategies and technical approaches involved in the studies [4]. Ascomycota and Basidiomycota were the first two dominant phyla in all samples; both phyla were significantly affected by community coverage, confirming the positive impact of plant cover on soil fungal composition [9]. Ascomycota, the most abundant phylum (61.2%) at the sampling site, was also positively affected by SOM and TN, indicating sufficient soil nutrient pools contributed to the distribution of the dominant species. No significant correlation was observed between plant–soil parameters and most of fungal classes, except that Pezizomycetes positively correlated to TK, and Wallemiomycetes positively correlated to SOM, TN, and TP. Additionally, no obvious correlation was found between soil moisture and the distribution of fungal community. Compared to research at global and regional scales, our results suggest weakness of observed effect of plant–soil environment on fungal diversity and taxonomic composition at a local site [9,35].



Alpine meadows on the QTP have suffered serious invasion of poisonous plants in recent decades. S. chamaejasme takes the place of native palatable Kobresia and Poa species and has become the dominant species, bringing an increasing influence on alpine meadows. In the degraded meadow, S. chamaejasme coverage showed much higher variation than community coverage, mainly related to its densely clumped patterning over the region [36]. The toxic plant is characterized by great availability of soil nutrients and moisture, owing to its widely distributed root system with a length of 60–100 cm [24,37]. The patchy distribution of S. chamaejasme may disturb to different degrees the spatial variation of soil properties and fungal community.



Our study indicated a lack of direct correlation between S. chamaejasme and soil fungal characteristics. S. chamaejasme coverage was negatively correlated to soil TK, suggesting that S. chamaejasme population in higher coverage tended to be in a lower potassium condition. Considering the impact of TK on soil fungal diversity, the dense distribution of S. chamaejasme may decrease soil TK, which subsequently reduced soil fungal diversity.





5. Conclusions


Most existing surveys of soil microbes are based on few samples collected from each site, which does not allow for a detailed depiction of soil microbial biogeography. In this study, using systematic sampling in a small region and combining DNA sequencing with geostatistics, for the first time we were able to determine the spatial distribution of soil fungal diversity and taxonomic composition in a typical degraded alpine meadow invaded by S. chamaejasme. Interpolation maps revealed that fungal diversity and taxa exhibited highly heterogeneous structures in patches ranging from 19 to 318 m. Our study suggested weak associations between plant–soil and fungi; the relative homogeneity of plant and soil properties at local scale led to the weakening of impacts on fungal community. S. chamaejasme distribution may disturb spatial variations of fungal community and influence fungal diversity directly; further research is needed to determine the feedback mechanism among S. chamaejasme, soil and fungal community.
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Figure 1. Distribution maps of plant cover and soil properties. CC, community coverage; SC, S. chamaejasme coverage; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SM, soil moisture. 
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Figure 2. Distribution maps of soil fungal diversity and taxonomic composition. 
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Table 1. Results of statistical analyses of plant cover and soil properties.
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	Variable Type
	Mean
	SD
	CV
	Model
	Nugget

C0
	Sill

C0+C
	Nugget/Sill

C0/(C0+C)/%
	Range

/m





	plant cover
	
	
	
	
	
	
	
	



	CC (%)
	87.37
	8.585
	0.098
	G
	0.004
	0.007
	50.00
	62.2



	SC (%)
	20.33
	11.518
	0.567
	S
	0.005
	0.015
	31.82
	47.8



	soil property
	
	
	
	
	
	
	
	



	SOM (g.kg−1)
	40.20
	19.823
	0.493
	S
	0.001
	0.691
	0.15
	27.3



	TN (g.kg−1)
	2.16
	0.996
	0.169
	S
	0.001
	0.627
	0.16
	29.5



	TP (g.kg−1)
	0.59
	0.073
	0.124
	S
	0.004
	0.112
	3.41
	24.9



	TK (g.kg−1)
	20.07
	1.204
	0.060
	E
	0.337
	1.760
	19.15
	58.5



	SM (%)
	34.98
	3.120
	0.089
	S
	0.000
	0.001
	5.05
	25.1







SD, standard deviation; CV, coefficient of variation; CC, community coverage; SC, S. chamaejasme coverage; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SM, soil moisture; G, Gaussian; S, spherical; E, exponential.
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Table 2. Results of statistical analyses of fungal alpha diversity and taxonomic composition.
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Variable Type

	
Mean

	
SD

	
CV

	
Model

	
Nugget

C0

	
Sill

C0+C

	
Nugget/Sill

C0/(C0+C)/%

	
Range

/m






	
Alpha diversity

	

	

	

	

	

	

	

	




	
richness

	
23.927

	
5.988

	
0.250

	
S

	
0.5000

	
36.1633

	
1.38

	
27.0




	
evenness

	
0.638

	
0.097

	
0.152

	
S

	
0.0001

	
0.0090

	
1.11

	
29.5




	
Shannon index

	
3.528

	
0.578

	
0.164

	
S

	
0.0010

	
0.3367

	
0.30

	
29.2




	
Relative abundance of taxonomic composition

	

	

	

	

	

	

	




	
Phylum

	
Class

	

	

	

	

	

	

	

	




	
Ascomycota

	

	
0.612

	
0.150

	
0.245

	
S

	
0.0015

	
0.0235

	
6.38

	
21.3




	

	
Archaeorhizomycetes

	
0.064

	
0.128

	
2.001

	
G

	
0.0000

	
0.0168

	
0.00

	
27.7




	

	
Dothideomycetes

	
0.137

	
0.114

	
0.832

	
S

	
0.0002

	
0.0130

	
1.54

	
23.7




	

	
Eurotiomycetes

	
0.029

	
0.031

	
1.043

	
S

	
0.0001

	
0.0010

	
10.0

	
30.9




	

	
Leotiomycetes

	
0.076

	
0.029

	
0.387

	
G

	
0.0000

	
0.0009

	
0.00

	
22.9




	

	
Pezizomycetes

	
0.012

	
0.049

	
4.255

	
G

	
0.0017

	
0.0090

	
18.89

	
318.0




	

	
Sordariomycetes

	
0.113

	
0.071

	
0.627

	
S

	
0.0000

	
0.0049

	
0.00

	
20.2




	
Basidiomycota

	

	
0.119

	
0.103

	
0.866

	
G

	
0.0003

	
0.0104

	
2.88

	
25.3




	

	
Agaricomycetes

	
0.066

	
0.073

	
1.109

	
G

	
0.0000

	
0.0058

	
0.00

	
22.7




	

	
Tremellomycetes

	
0.012

	
0.014

	
1.185

	
G

	
0.0000

	
0.0002

	
0.00

	
18.9




	

	
Wallemiomycetes

	
0.011

	
0.024

	
2.157

	
G

	
0.0000

	
0.0007

	
0.00

	
19.2




	
Chytridiomycota

	

	
0.002

	
0.006

	
3.717

	
E

	
0.0000

	
0.0001

	
25.04

	
224.4




	
Glomeromycota

	

	
0.001

	
0.002

	
1.287

	
G

	
0.0000

	
0.0000

	
61.34

	
26.3




	
Rozellomycota

	

	
0.000

	
0.000

	
3.831

	
G

	
0.0000

	
0.0000

	
53.14

	
126.3




	
Zygomycota

	

	
0.117

	
0.076

	
0.643

	
G

	
0.0000

	
0.0057

	
1.58

	
20.6








SD, standard deviation; CV, coefficient of variation; S, spherical; G, Gaussian; E, exponential.
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Table 3. Correlation coefficients between plant cover and soil properties (R).
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	Variable Type
	CC
	SC
	SOM
	TN
	TP
	TK
	SM





	CC
	1
	
	
	
	
	
	



	SC
	0.22
	1
	
	
	
	
	



	SOM
	0.04
	−0.11
	1
	
	
	
	



	TN
	0.05
	−0.13
	0.99 **
	1
	
	
	



	TP
	0.13
	−0.18
	0.85 **
	0.88 **
	1
	
	



	TK
	0.18
	−0.35 *
	0.47 **
	0.51 **
	0.66 **
	1
	



	SM
	0.06
	0.13
	−0.27
	−0.27
	−0.34 *
	−0.36 *
	1







CC, community coverage; SC, S. chamaejasme coverage; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SM, soil moisture. **, * significant at p < 0.01, p < 0.05, respectively.
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Table 4. Mantel test between plant–soil parameters and soil fungal characteristics (R).
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Variable Type

	
CC

	
SC

	
SOM

	
TN

	
TP

	
TK

	
SM






	
Alpha diversity

	

	

	

	

	

	

	




	
richness

	
0.20 *

	
−0.06

	
0.06

	
0.03

	
0.05

	
−0.01

	
−0.05




	
evenness

	
0.02

	
−0.05

	
0.13

	
0.14

	
0.15

	
0.17 *

	
0.05




	
Shannon diversity

	
0.07

	
−0.03

	
0.10

	
0.11

	
0.11

	
0.18 *

	
0.05




	
Relative abundance of soil fungal phylum

	

	

	

	




	
Ascomycota

	
0.16 *

	
−0.09

	
0.20 *

	
0.19 *

	
0.16

	
0.07

	
0.04




	
Basidiomycota

	
0.26 *

	
−0.08

	
0.10

	
0.07

	
0.06

	
−0.10

	
−0.04




	
Chytridiomycota

	
−0.05

	
−0.05

	
0.04

	
0.05

	
0.19

	
0.20

	
0.17




	
Glomeromycota

	
−0.10

	
−0.09

	
−0.10

	
−0.10

	
−0.08

	
−0.12

	
−0.01




	
Rozellomycota

	
−0.07

	
0.05

	
−0.06

	
−0.06

	
0.12

	
0.22

	
−0.03




	
Zygomycota

	
−0.07

	
−0.07

	
−0.01

	
−0.01

	
−0.05

	
−0.02

	
0.01




	
Relative abundance of soil fungal class

	

	

	

	

	




	
Archaeorhizomycetes

	
0.03

	
0.03

	
−0.11

	
−0.11

	
−0.06

	
−0.09

	
−0.11




	
Dothideomycetes

	
−0.03

	
0.01

	
−0.13

	
−0.13

	
−0.11

	
0.11

	
−0.08




	
Eurotiomycetes

	
−0.04

	
−0.02

	
−0.10

	
−0.11

	
−0.08

	
−0.07

	
−0.02




	
Leotiomycetes

	
−0.01

	
−0.07

	
0.01

	
0.01

	
−0.05

	
−0.10

	
−0.01




	
Pezizomycetes

	
−0.38

	
−0.07

	
0.07

	
0.07

	
0.20

	
0.22 *

	
0.04




	
Sordariomycetes

	
−0.02

	
0.08

	
0.01

	
0.02

	
−0.04

	
−0.03

	
−0.01




	
Agaricomycetes

	
−0.10

	
−0.03

	
−0.08

	
−0.09

	
−0.12

	
−0.04

	
−0.01




	
Tremellomycetes

	
−0.06

	
0.13

	
0.02

	
0.03

	
−0.07

	
0.16

	
0.04




	
Wallemiomycetes

	
0.01

	
−0.11

	
0.52 **

	
0.49 **

	
0.50 **

	
−0.01

	
0.02








CC, community coverage; SC, S. chamaejasme coverage; SOM, soil organic matter; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SM, soil moisture. **, * significant at p < 0.01, p < 0.05, respectively.
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