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Abstract: Soil microbial communities play a key role in the functioning of terrestrial ecosystems,
in particular through their interaction with above-ground plants and weathering of rocks. In this
study, the chemical properties and microbial diversity of soils covered by different organisms on
Leshan Giant Buddha body were analyzed. The results showed that the concentration of soil total
organic carbon (TOC), total nitrogen (TN) and total phosphorus (TP) increased significantly with the
change of above-ground organisms from lichens to bryophytes and vascular plants. TOC, TN, TP,
C:N, and C:P were significantly correlated with the composition of microbial community. Bacterial
and fungal diversity responded differently to the change of organisms, and the diversity of bacterial
communities changed significantly among different sites. The settlement of Embryogenic plants
increased the α-diversity indices including Sobs, Shannon, Ace and Chao indices, which were highest
in sites covered with Ferns. The relative abundances of Chloroflexi, Acidobacteria, Nitrospirae and
Planctomycetes increased with the order of Bryophyte, Fern, Grass and Shrub, and Cyanobacteria was
opposite, with the highest in samples covered with lichens. These results improve understanding of
plant–fungi–bacteria interactions during the early stages of soil development, and provide a scientific
basis for protection of Leshan Giant Buddha.

Keywords: soil bacteria; soil fungi; microbial diversity; soil properties; Leshan Giant Buddha

1. Introduction

Soil microbial communities play a vital role in the maintenance and evolution of
terrestrial ecosystems through interactions with plant communities and impact on nutrient
cycling in particular [1–3]. Theoretically, shifts in plant communities during succession
can regulate below-ground biological communities by causing the heterogeneity of under-
ground resources and physical micro-habitats (e.g., distribution and morphology of root,
soil porosity and air permeability, etc.) [4–6]. On the contrary, soil microorganisms can
alter the above-ground plant communities by enhancing the availability of nutrients [7–9],
and impact plant predominance via symbiotic microorganisms [10,11]. Therefore, plant
succession is essentially a variation in the interaction between above-ground plants and
underground microorganisms.

Recent studies have investigated the interactions between composition of soil mi-
crobial community and above-ground plants during different ecological processes such
as pedogenesis [12], afforestation [13], and secondary succession [14], but the results are
varied. For example, some studies indicated that the main factors affecting diversity of soil
microbial community are pedoclimatic conditions [15,16], whereas others emphasized the
interaction between plants and microbial communities [17,18]. Plant biomass and flora
richness greatly impact the soil microbial community diversity [19]. Bakker et al. and
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Daniel et al. reported that biomass and richness of plant affect soil microbial community
by adjusting soil moisture content and solar radiation [20,21]. Other research revealed that
soil microbial communities are also sensitive to soil acidity and nitrogen conversion [22,23].
In the category of microorganisms, the response of fungi and bacterial communities to
above-ground vegetation may be different due to the symbiotic relationship between fungi
and plants [24–26]. These inconsistencies emphasize that, during pedogenesis and commu-
nity succession, the response to above-ground vegetation and soil conditions of microbial
communities is unclear.

In terrestrial ecosystem, the potential factors behind the microbial community compo-
sition include properties of soil forming rock, micro-climates, dispersal limitation, species
interaction and competition exclusion. Of these factors, the relative contribution to a
community’s diversity depends largely on spatial scale [27]. A small spatial scale study
therefore tends to negate the impact of broad environmental gradients on community
structure so as to better reveal the signal of local assembly processes like biotic interactions
or ecological drift [28–30].

Leshan Giant Buddha, attached with unique Buddhist statues, is the largest ancient
stone Buddha statue in the world, which could date back to the Tang Dynasty. It is an
important part of Mount Emei-Leshan Giant Buddha which was included in the World
Heritage List by UNESCO in 1996. Thanks to the protection of cultural relics and religious
reasons, the body of the Leshan Giant Buddha is rarely subjected to human activities.
Nevertheless, after thousands of years of natural weathering, various types of vegetation,
including lichens, bryophytes, ferns and seed plants, have formed on the Buddha surface,
providing conditions for small-scale research on the correlation between above-ground
vegetation and soil microorganisms.

Based on the renovation project from 2018 to 2019 of Leshan Buddha, the changes
of bacterial and fungal community structure on rocks and in soils covered by different
organisms on the Leshan Giant Buddha body are analyzed via high-throughput sequencing
in this study. Moreover, to reveal the evolutionary and functional adaptation characteristics
of microbial community structure in the process of pedogenesis, its ecological functions are
investigated. The research results provide basic data for enriching the microbial resource
and maintaining the stability of soil ecosystems in a small scale.

2. Materials and Methods
2.1. Study Site

Constructed in the Tang Dynasty (618–907), the Leshan Giant Buddha is situated in the
Sichuan Basin in southwest China (29◦32′47” N, 103◦45′48” E). It was excavated on thick
purple-red sandstone of the Triassic Jiaguan Formation at the confluence of the Minjiang,
Qingyi and Dadu rivers in the southeast of Leshan City, Sichuan Province, China. Leshan
has a subtropical monsoon climate with an average annual temperature of 16.4–17.5 ◦C,
relative humidity of 81.0%, and annual average precipitation of 1300 mm. The dominant
vegetation type around the Giant Buddha is subtropical evergreen broad-leaved forest
dominated by Castanopsis spp., Cyclobalanopsis spp. and Schima superba.

2.2. Sample Collection

The samples were collected from the Leshan Giant Buddha body covered by different
organisms. After a detailed investigation of the organisms, the Buddha body was divided
into the following types: naked rock (NR), lichen covered sandstone (LR), soils on the
interface of rock and bryophyte rhizoids (BS), soils with ferns (FS), soils with gramineous
plant (GS) and soils in the rhizosphere of shrubs (SS) (Figure 1). All samples were collected
from the body of the Leshan Giant Buddha that was exposed and covered by different
organisms. Samples in each group were in triplicate and a total of 18 samples were collected.
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Giant Buddha. 
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value by a pH meter (PHS-3C, LEICI, Shanghai, China) [28,30]. 

Air-dried soil of 0.0100 g was put into the digestion tube (with appropriate amount 
of quartz sand), and then digested with potassium dichromate-concentrated sulfuric acid 
at 225 °C for 15 min. The cooling liquid added with o-phenanthroline indicator titrated 
with ferrous sulfate, and the soil TOC was calculated based on the volume consumed by 
the titrant. Then, 0.2000 g air-dried soil was put into the digestion tube and we added 10 
mL of concentrated sulfuric acid, after leaving overnight, digest. The digestion solution 
with methyl red-bromocresol green indicator and boric acid solution (20 g L−1) was titrated 
with hydrochloric acid standard solution (0.0100 mol L−1) after distilling by Kjeldahl ni-
trogen analyzer (KND, Top Ltd., Hangzhou, Zhejiang, China), and soil TN content was 
then calculated based on hydrochloric acid consumption. TP was analyzed colorimetri-
cally after the digestion with H2SO4 and HClO4 [31]. 

2.4. DNA Extraction and High-Throughput Sequencing 
Soil DNA was extracted through the GENEOUT Soil DNA extraction kit (LabGene, 

Chengdu, China) by the manufacturer’s instructions. Concentration and quality of ex-
tracted DNA were evaluated by a NanodropTM 2000 Spectrophotometer (Nanodrop, Wil-
mington, DE, USA). The quality and integrity of the DNA extracts were checked by 1.0% 
agarose gel electrophoresis [32].  

Figure 1. Body of Leshan Giant Buddha covered by different organisms. (a) naked rock; (b) surface
of sandstone covered with lichens; (c) bryophytes-covered rock; (d) rock growing with fern; (e)
rock growing with gramineous plant; (f) rock growing with shrub; (g) buddha body of Leshan
Giant Buddha.

Each sample was thoroughly mixed on ice and then subdivided into two parts. One
was stored at −80 ◦C for DNA amplification and high-throughput sequencing of soil
bacteria and fungi and the others were air-dried naturally and sieved (through a 100-mesh
sieve) for the determination of chemical properties.

2.3. Determination of Chemical Properties

Ten grams of air-dried rock and soil samples were first placed into a 50 mL beaker and
stirred fully after adding 25 mL distilled water (1:2.5, w/v) and then tested for pH value by
a pH meter (PHS-3C, LEICI, Shanghai, China) [28,30].

Air-dried soil of 0.0100 g was put into the digestion tube (with appropriate amount of
quartz sand), and then digested with potassium dichromate-concentrated sulfuric acid at
225 ◦C for 15 min. The cooling liquid added with o-phenanthroline indicator titrated with
ferrous sulfate, and the soil TOC was calculated based on the volume consumed by the
titrant. Then, 0.2000 g air-dried soil was put into the digestion tube and we added 10 mL
of concentrated sulfuric acid, after leaving overnight, digest. The digestion solution with
methyl red-bromocresol green indicator and boric acid solution (20 g·L−1) was titrated with
hydrochloric acid standard solution (0.0100 mol·L−1) after distilling by Kjeldahl nitrogen
analyzer (KND, Top Ltd., Hangzhou, Zhejiang, China), and soil TN content was then
calculated based on hydrochloric acid consumption. TP was analyzed colorimetrically after
the digestion with H2SO4 and HClO4 [31].

2.4. DNA Extraction and High-Throughput Sequencing

Soil DNA was extracted through the GENEOUT Soil DNA extraction kit (LabGene,
Chengdu, China) by the manufacturer’s instructions. Concentration and quality of ex-
tracted DNA were evaluated by a NanodropTM 2000 Spectrophotometer (Nanodrop,
Wilmington, DE, USA). The quality and integrity of the DNA extracts were checked by
1.0% agarose gel electrophoresis [32].

The V3-V4 hypervariable region of the 16S rRNA gene was amplified from bacterial
genomic DNA using the universal primer combination according to Su et al. [33]. The
fungal ITS2 region was amplified by fungi-specific primers [34]. The primers were tagged
with unique bar codes for each sample and the amplicons were normalised, pooled, and
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sequenced by the standard protocols on the Illumina MiSeq PE300 platform at the Major
Biological Institute in Shanghai, China. All these sequences were deposited in the NCBI
Sequence Read Archive (SRA); SRP307460 was the accession number for 16S and SRP307497
was for ITS.

2.5. Data Processing and Statistical Analyses

The data were demultiplexed and mass filtered. Read data were demultiplexed,
quality filtered, and processed with QIIME (quantitative insights into microbial ecology;
Version 1.9.0) [35]. Usearch 8 was used to pick each operational taxonomic unit (OTU),
including dereplication, clustering and detection of chimeras [36]. Sequences with a
similarity over 97% were classified as an OTU. Taxonomic assignment of individual datasets
for the bacteria and fungi was performed through SILVA (Release132 http://www.arb-
silva.de, accessed on 29 November 2019) [37] and UNITE (Release 7.2 http://unite.ut.ee/
index.php, accessed on 29 November 2019), respectively, with RDP Classifier (version 2.2
http://sourceforge.net/projects/rdp-classifier/, accessed on 29 November 2019) and a
confidence threshold of 0.7.

A one-way analysis of variance (ANOVA) and multiple significant differences (p < 0.05)
were used to assess the changes in soil properties (pH, TOC, TN, and TP) and soil microbial
diversity and composition by SPSS (Version 20.0, IBM, New York, NY, USA).

Bacterial and fungal α-diversity were calculated within mothur (version v.1.30.1),
including calculation of the following indices: Sobs, Chao, Ace, Shannon, and Coverage,
and student’s t-test was used to test the differences among groups.

Principal co-component analysis (PCoA) of bacterial and fungal β-diversity were
performed by QIIME with the matrix of Bray–Curtis distance, and the plots of PCoA were
drawn in R software (Version 3.2.3), and differences in bacterial and fungal communities
between different samples were analysed by ANOSIM test.

Canonical correspondence analysis (CCA) was conducted to investigate which envi-
ronmental factors significantly affected microbial community structure and Spearman’s
correlation analysis was used to investigate correlations among dominant microflora, mi-
crobial community diversity and environmental factors, which were performed using the
heatmap package in R software (Version 2.15.3).

3. Results
3.1. Chemical Properties of Samples

Significant differences were detected in the pH, TOC, TN, and TP of the rock debris
samples and soil samples colonised by a series of organisms on the surface of the Leshan Gi-
ant Buddha (Table 1). The results showed that all samples were neutral, and NR and LR had
the lowest pH, whereas GS had the highest. TOC concentration ranged from 2.45 to 68.86
g·kg−1, and TN and TP concentrations from 0.71 to 6.49 g·kg−1 and from 0.19 to 0.82 g·kg−1,
respectively. The variations in concentrations of TOC, TN and TP among groups covered
by different organisms showed the similar order as SS > GS > FS > BS > LR > NR.

Table 1. Chemical properties of samples in different samples (mean ± SD).

Sample
Groups NR LR BS FS GS SS

TOC (g·kg−1) 2.45 ± 0.48 d 6.48 ± 1.15 d 26.71 ± 4.97 c 48.51 ± 4.48 b 64.03 ± 4.28 a 68.86 ± 8.69 a
TN(g·kg−1) 0.71 ± 0.12 e 1.66 ± 0.26 d 4.02 ± 0.66 c 5.2 ± 0.6 b 6.28 ± 0.31 a 6.49 ± 0.71 a
TP(g·kg−1) 0.19 ± 0.03 d 0.34 ± 0.07 c 0.51 ± 0.06 b 0.58 ± 0.05 b 0.74 ± 0.09 a 0.82 ± 0.1 a

C:N 3.45 ± 0.22 d 3.91 ± 0.11 d 6.63 ± 0.5 c 9.34 ± 0.32 b 10.19 ± 0.22 a 10.6 ± 0.26 a
C:P 12.72 ± 0.2 d 18.95 ± 0.77 c 52.35 ± 4.21 b 84.33 ± 3.18 a 86.99 ± 5.37 a 83.68 ± 0.47 a
N:P 3.7 ± 0.26 d 4.85 ± 0.28 c 7.9 ± 0.47 b 9.03 ± 0.34 a 8.55 ± 0.68 a b 7.9 ± 0.2 b
pH 6.68 ± 0.1 c 6.65 ± 0.23 c 6.91 ± 0.07 b c 6.91 ± 0.23 b c 7.28 ± 0.1 a 7.15 ± 0.03 a b

TOC: Total organic carbon; TN: Total nitrogen; TP: Total phosphorus. Values with same letter are not significantly different (p < 0.05). NR:
naked rock; LR: lichen-covered rock; BS: bryophyte-covered rock; FS: fern-covered rock; GS: grass-covered rock; SS: shrub-covered rock.
Different letters indicate significant differences among the means of values (p < 0.05).

http://www.arb-silva.de
http://www.arb-silva.de
http://unite.ut.ee/index.php
http://unite.ut.ee/index.php
http://sourceforge.net/projects/rdp-classifier/
http://sourceforge.net/projects/rdp-classifier/
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The ecological stoichiometry of C, N and P in samples varied considerably among
different organisms on the surface of the Giant Buddha (Table 1). C:N ratio varied from
3.45 to 10.60. Specifically, C:N ratios of SS and GS samples were much higher than that
of FS (p < 0.05), followed by BS, LR, and NR. The ratio of C:P varied from 12.72 to 86.99,
and that of N:P from 3.7 to 9.03. Similar trends were observed in the ratios of C:P and N:P
among different organisms on the surface of the Giant Buddha. Unlike C:N and C:P ratios,
N:P ratio of BS was the highest (Table 1).

3.2. Analysis of Microbial Communities
3.2.1. Alpha Diversity of Bacterial and Fungal Communities

After quality filtering and trimming, the diversities (bacterial: 2,648,658 sequences
with an average length of 456.75 bp; fungi: 2,622,748 sequences with an average length of
224.64 bp) of the soil microbial communities were obtained using the 16S rRNA and ITS
primer sets across per sample and cluster analysis.

As shown in Figure S1, the rarefaction curves gradually flatten with the depth of
sequencing using the method of random sampling of the sequence. This indicated that the
amount of sequencing data is sufficient, and more data will only generate few numbers
of new species (e.g., OTU), which can reflect most of the microbial diversity information
of samples. Alpha diversity indices (Sobs, Shannon, Ace, Chao indices) displayed that,
with the growth of embryo plants on the rock, sobs index (the observed OTUs) of bacteria
gradually increased, especially the abundance of bacteria in the rhizosphere of FS samples
reached the maximum which was distinctly higher than that of BS, LR and NR (p ≤ 0.05).
Nonetheless, there was no significant change in the diversity indices of fungal community
on the Giant Buddha covered with different organisms, despite that the values of the
indices increased after the emergence of embryo plants compared with the NR and LR
stages. Moreover, fungi diversity was higher than that of bacteria in a same sample.

3.2.2. Structure and Composition of Bacterial and Fungal Communities

The β-diversity of microbial communities was adopted to analyze the similarity or
difference relationship of the community structure among sample groups. The results
of PCoA analysis were used to reflect the discrepancy and distances in soil microbial
community composition among different sample groups. The results of this analysis
emphasized the similarity of bacterial community composition between the GS and SS
groups, but were clearly distinguished from the NR, LR, BS and FS groups, which were
in turn distinct from one another (ANOSIM test, R = 0.6716, p = 0.001; Figure 2a). The
PC2-axis in Figure 2b divided the fungi of all sample groups into two parts, with NR and
LR in the left part, and the other four groups in the right. Fungi community composition
between the two portions of significantly different (ANOSIM test, R = 0.2815, p = 0.005).

The further analysis of different groups of dominant bacteria (relative abundance
above 1%) indicated that the bacterial diversity of NR was low, mainly represented by
Actinobacteria (90.22 ± 8.09%) (relative abundance ± SD, the same below), Bacteroidetes
(4.24 ± 6.22%) and Proteobacteria (1.77 ± 1.80%) (Figure 3a and Table S1). The bacterial
species became more abundant with the emergence of organisms on rocks, while Pro-
teobacteria still accounted for a high proportion (29.00 ± 28.25% in LR, 33.38 ± 5.94% in
MS, 40.19 ± 2.61% in FS, 33.54 ± 8.05% in GS, and 25.36 ± 0.93% in SS, respectively).
The relative abundances of Chloroflexi, Acidobacteria and Planctomycetes were also found
to increase on rocks covered with organisms. The relative abundance of Chloroflexi rose
from 0.51 ± 0.63% in NR to 2.34 ± 1.65%, 6.07 ± 2.82%, 11.88 ± 1.25%, 9.46 ± 0.84% and
10.38 ± 1.24% in LR, MS, FS GS and SS, respectively. While the relative abundance of Aci-
dobacteria increased from 0.03 ± 0.04% in NR to 0.03 ± 0.02%, 7.81 ± 4.61%, 5.79 ± 1.28%,
13.35 ± 3.01% and 13.31 ± 1.42% in LR, MS, FS GS and SS, respectively. Planctomycetes in-
creased from 0.10± 0.16% in NR to 1.60± 2.08%, 4.07± 1.75%, 10.86± 2.63%, 6.78 ± 2.30%
and 8.24 ± 2.41% in LR, MS, FS GS and SS, respectively. Nevertheless, the proportion of
Cyanobacteria dropped from 5.04 ± 7.20% in LR to 3.44 ± 3.40%, 2.35 ± 0.96%, 0.93 ± 1.06%



Sustainability 2021, 13, 3897 6 of 13

and 0.23 ± 0.23% in MS, FS GS and SS, respectively. Notably, Nitrospirae appeared in BS
and the relative abundance increased significantly in FS, GS and SS.
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Ascomycota, Basidiomycota and Mortierellomycota were dominant among the fungal
community at phylum taxonomic classification level except for NO_Rank without an-
notation information (Figure 3b and Table S1). The relative abundances of Ascomycota
and Mortierellomycota differed in different sample groups. Specifically, Mortierellomycota
was more abundant in BS, FS and SS groups than that in NR and LR. Nevertheless, the
abundance of Ascomycota in NR and LR was higher than that in FS and SS. The propor-
tion of unclassified_k_Fungi ranged from 42.38% to 72.52% and there were no significant
differences between groups (Figure 3b and Table S1).

3.2.3. Correlation Analysis between Microbial Diversity and Ecological Factors

CCA was used to assess the correlation of seven ecological factors with diversity of
bacterial and fungal community at the OTU level. The results showed that TOC, TN, TP,
C:N, and C:P were significantly correlated with the composition of bacterial community,
and the correlation between these ecological factors and bacterial communities is in a de-
scending order: TOC (R2 = 0.7595, p = 0.001) >C:P (R2 = 0.6962, p = 0.001) >pH (R2 = 0.6264,
p = 0.001) >TP (R2 = 0.5991, p = 0.002) >TN (R2 = 0.5886, p = 0.001) > C:N (R2 = 0.4366,
p = 0.013) (Figure 4a and Table S2). Furthermore, TOC, TN, TP, C:N, and C:P were also
significantly related to the composition of fungal community, and the correlation of these
environmental factors with fungal communities is in a decreasing order as: C:P (R2 = 0.9242,
p = 0.001) > N:P (R2 = 0.9222, p = 0.001) >TN (R2 = 0.8654, p = 0.001) > C:N (R2 = 0.8495,
p = 0.001) > TOC (R2 = 0.7803, p = 0.001) >TP (R2 = 0.7225, p = 0.001) >pH (R2 = 0.6677,
p = 0.001) (Figure 4b and Table S2). In addition, all the ecological factors were positively
correlated with FS, GS and SS (Figure 4).

Spearman’s correlation analysis was adopted to investigate the correlations between
dominant microflora at the phylum level and environmental factors, and the results were
presented in Figure 5. The TOC, pH, TP, C:N and C:P were significantly and positively
correlated with the relative abundances of Planctomycetes, Chloroflexi, Verrucomicrobia, Ni-
trospirae, Acidobacteria, while conversely, significantly and negatively correlated with the
relative abundance of Actinobacteria. As for fungal communities, the TOC, TN, TP, C:N and
N:P were in significant, positive correlation with the relative abundances of Glomeromycota,
Basidiomycota, Chytridiomycota, and only pH was in significant, negative correlation with
the relative abundance of Ascomycota.
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4. Discussion

It is now well-accepted that soil microbial communities play a vital role in the weath-
ering of rock, formation of soil and the succession of terrestrial biodiversity, but there are
still inconsistencies on the responses of soil microbial communities to the succession and
development of above-ground vegetation and soil environment. The present study shows
the changes of bacterial and fungal community in soil covered by different organisms and
bare rock on the Leshan Giant Buddha body, which can increase our understanding of
functional connection between above-ground vegetation and soils at a small-scale spatial.

4.1. Responses of Environmental Properties to the Organism Types

Plants affect total C and N concentrations in soil directly via two major pathways: one
is associated with litter, and the other with roots [38]. During litter decomposition, soil
organisms redistribute organic matter, increase soil porosity and enhance soil aggregate
formation, greatly increasing soil organic C and N contents [39–41]. Furthermore, the large
number of assimilates transferred to symbionts by roots also greatly alter soil sorption
capacity, water holding capacity, and other soil properties [42,43]. In the present study,
TOC and TN contents increased with the change in organisms from lichen, Bryophyte,
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Fern to grasses and shrubs. This is consistent with the results of natural succession [44,45].
Specifically, TOC and TN contents in BS, FS, GS and SS were 4.12, 7.07, 9.88, 10.63 and
2.42, 3.13, 3.78, 3.91 times of those in LR, respectively. This agrees with the view that
vascular plants can better enhance the quantity and quality of external inputs (litters
and rhizosphere sediments) to soil [46–48]. In addition, with the progress of natural
succession, the strengthened effect of biological nitrogen fixation and the increase in
nitrogen mineralization in rock substrate also raised the content of soil nitrogen [49,50].
Nevertheless, the results of the concentration of TOC, TN and TP highest in SS at present
study showed dissonance with Wu et al. [51], in which C and N concentration were highest
in the liverwort group and P in the Fern group. The variation between the results of two
independent experiments may be attributed to the different sampling locations.

Similarly, soil phosphorus content increased with the change in organisms from lichen,
Bryophyte, Fern to grasses and shrubs. Nevertheless, it showed no obvious change in
most studies regarding vegetation succession [52–54], and even showed a descending
trend [55,56]. One possible explanation for this result is the specificity of the study site. In
terrestrial ecosystem, carbon, nitrogen, and phosphorus have different sources. Among
them, carbon and N in soil mostly originate from plant residue on the surface, while P
mainly from the weathering of rocks [57]. The significant increase in TP content in sites
covered with vascular plants in our study may be ascribed to the fact that vascular plants in-
crease litters and rhizosphere sediments to soil more effectively, which in turn promoted the
release of minerals by microorganisms in an environment with a rock background [46–48].

A disproportionately large increase in C, N, and P contents induced by different
organism types may lead to changes in the C:N:P stoichiometry in the plant–soil–microbe
continuum [58]. The lower C:P and N:P ratios in NR and LR sites, as well as the higher C:P
and N:P ratios of vascular plant coverage sites in this study, indicated that P element is
more effective at NR and LR sites on the Leshan Giant Buddha body, and N element limits
plant development in the area covered by vascular plants. Previous studies on community
succession series have also confirmed the limitations of N and P in the early and late
succession stage, respectively [50,59].

4.2. Responses of Microbial Community Diversity and Richness to the Organism Types

Soil microbial communities, like soil nutrient availability, underwent compositional
and functional shifts as aboveground organisms changed from lichens to bryophyte and
vascular plants (Table 2), indicating the subtle relationship between soil microbial commu-
nity and soil nutrients. In the present study, the results indicated that bacterial and fungal
diversity responded differently to the variation in above-ground organism types, and the
diversity and richness of bacterial communities changed significantly among different sites.
The rapid growth in numbers of soil bacterial species in the early succession stages may
be attributed to the selective advantage: their rapid response to nutrient inputs in newly
exposed rock environment [60]. Meanwhile, soil nutrients gradually increased, providing
an adequate source of carbon, nitrogen, phosphorus and energy for bacterial growth as the
primary succession progresses [61]. Different from bacteria, the fungal diversity showed no
obvious fluctuation and trend among the sites covered with different types of organisms ex-
cept for unclassified_k_Fungi. This may be related to the random transmission of spores in
the air [61], the increased intraspecific competition resulted from similar niche and the syn-
ergistic effect of these factors [62]. Distinct responses to above-ground organisms between
soil bacteria and fungi may be ascribed to differences in metabolic types and adaptations
to environmental changes and shifts in nutrients’ availability conditions [63,64].

Our results showed that the dominant groups of bacteria changed dramatically among
sites covered with various organisms, and these significant changes may generate variations
in soil microbial community related to soil carbon and nitrogen cycles. For example,
the oligotrophic Actinobacteria was among the most abundant phylogenetic group in all
sites, and its abundance in NR was approximately 90%, or close to triple that in other
sites. The physiological adaption mechanism of Actinobacteria species to the low-nutrient
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environment is probably related to their talent for degrading large organic molecules,
and the rich hyphae structure that facilitates absorbing nutrients from the surrounding
environment [65]. Compared with NR, the abundance of Proteobacteria and Cyanobacteria in
LR is significantly higher than that of Actinomycetes. Because the extracellular membrane
of Proteobacteria contains lipopolysaccharides involved in carbon conversion, it is generally
considered to be copiotrophic bacteria [66]. An important component of lichen symbiont,
Cyanobateria are capable of fixing atmospheric CO2 and N2, contributing to accumulating
organic matter on the rock surface, and supplying heterotrophic microorganisms and plant
colonisation with basic nutrition. Bryophytes and vascular plants are more efficient at
photosynthesis than lichens and thus can deliver more organic carbon to the soil, so the
abundance of Cyanobateria began to decline in BS, FS, GS and SS. Simultaneously, TOC,
TN and TP contents rose significantly in sites covered with bryophytes or vascular plants,
which coincided with the increase in the abundance of copiotrophic bacteria. For example,
no Nitrospirae associated with soil nitrification was found in NR and LR, and its abundance
in vascular plant cover was higher than that in bryophyte cover. Interestingly, although
Acidobacteria, Chloroflexi and Planctomycetes were more abundant in GS and SS than in
other sites, they are commonly used as oligotrophic bacteria [67,68]. This is consistent
with previous studies that oligotrophic bacteria are likely to outcompete copiotrophs in
environments, for example, the Leshan Giant Buddha, where microorganisms are exposed
to constant environmental stress [67,68]. Ascomycetes are the basis of lichen formation,
which partly explain the higher abundance of Ascomycota in LR. The relative abundance
of Basidiomycota was higher in plant-covered sites, which may stem from the ability of
Basidiomycota to convert organic matter into inorganic compounds, thereby promoting the
degradation and reduction of litter [69].

Table 2. α-diversity indices for bacterial and fungal communities (mean ± SD).

Sample Groups α-Diversity Indices

Sobs Shannon Ace Chao Coverage

NR 156 ± 112 d 0.71 ± 0.41 d 516 ± 401 c 380 ± 323 c 0.9977
LR 346 ± 187 d 3.49 ± 0.27 c 538 ± 337 c 511 ± 315 c 0.9968

Bacteria BS 1088 ± 176 c 5.4 ± 0.97 b 1225 ± 219 b 1285 ± 245 b 0.994
FS 1801 ± 52 a 6.53 ± 0.13 a 2054 ± 97 a 2093 ± 79 a 0.9891
GS 1518 ± 123 a b 6.29 ± 0.18 a 1725 ± 113 a b 1761 ± 119 a b 0.991
SS 1323 ± 68 b c 6.17 ± 0.1 a b 1475 ± 101 a b 1524 ± 103 b 0.9929

NR 1131 ± 415 a 5.05 ± 0.95 a 1162 ± 407 a 1180 ± 396 a 0.9989
LR 2434 ± 1929 a 4.61 ± 2.26 a 2465 ± 1941 a 2482 ± 1960 a 0.9979

Fungi BS 2927 ± 1839 a 6.3 ± 1.37 a 2992 ± 1850 a 3025 ± 1875 a 0.9963
FS 4143 ± 3798 a 6.91 ± 1.98 a 4244 ± 3890 a 4275 ± 3898 a 0.9944
GS 3896 ± 206 a 7.69 ± 0.34 a 3945 ± 217 a 3998 ± 222 a 0.9966
SS 2805 ± 1720 a 6.67 ± 1.75 a 2855 ± 1699 a 2889 ± 1725 a 0.9974

Values with same letter are not significantly different (p < 0.05).

5. Conclusions

The results of the present study showed that the TOC, TN and TP contents increased
with the change in organisms from lichens to bryophyte and vascular plants, accompanied
by the increase in bacterial and fungal diversity. The types of above-ground organisms
largely affected the composition and diversity of bacterial communities by regulating soil
nutrients. Distinct responses of soil bacteria and fungi to above-ground organisms are
possibly caused by the differences in metabolic types and adaptations to environmental
changes and shifts in nutrients availability conditions. A full understanding of the succes-
sion law of microbial communities with changes of above-ground organism can provide a
scientific basis for the protection of outdoor stone relics.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su13073897/s1, Figure S1: Rarefaction curves for each sample from six groups. (a), the
rarefaction curves for each sample of bacterial community; (b), the rarefaction curves for each sample
of fungal community. NR: naked rock; LR: lichen-covered rock; BS: bryophyte-covered rock; FS:
fern-covered rock; GS: grass-covered rock; SS: shrub-covered rock. The letters stand for the same
below. Table S1: Relative abundance of bacteria and fungi phyla of six samples covered by different
organism, Table S2: Values of correlation between environmental factors and the communities of
bacteria and fungi.
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