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Abstract

Purpose The knowledge regarding how different soil microbial groups change in subalpine forest areas after clear-cutting is
limited. To bridge this gap, we studied the change patterns of the different soil microbial community assemblies and their
determining factors in subalpine areas.

Materials and methods Field measurements and sampling were conducted in three stands at different stages of natural restoration
(BF, broadleaf forest; MF, mixed coniferous and broadleaf forest; and PCF, primeval coniferous forest) after clear-cutting in
western Sichuan Province, China. Three soil microbial group (bacteria, fungi, and archaea) community assemblies, edaphic
properties, soil nematodes, tree diameter at breast height, plant richness, and understory vegetation biomass were examined and
statistically analyzed.

Results and discussion The x-diversity of the three microbial groups in the BF and MF stands was significantly higher than that
in the PCF stand. The difference between the stands was greater than the difference within the stands for all three microbial
groups. The changes in the three microbial groups were all significantly associated with shifts in soil carbon, soil total nitrogen,
soil available nitrogen, and tree species composition. The bacterial and archaeal communities were also closely related to the
bacterivore number. Acidobacteria, Actinobacteria, Bacteroidetes, Planctomycetes, Basidiomycota, Ascomycota, and
Thaumarchaeota were the main phyla that responded to environmental variation.

Conclusions The three soil microbial groups all showed regular trends across the three different stands. The changes in the soil
microbial community assembly were mainly attributed to the differences in soil nutrients, tree species composition, and feeding
traits of soil nematodes.

Keywords Soil microbial community assembly - Driving forces - Subalpine forest restoration - Tibetan Plateau

1 Introduction

Soil microbes are widely distributed in terrestrial ecosystem
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and play a critical role in ecological functions (Jiang et al.,
2018). For example, bacteria are closely related to soil nutrient
turnover (Knelman et al., 2015) and participate in the decom-
position of cellulose, hemicellulose, and dead fungal mycelia
(Lladé et al., 2017; Lépez-mondéjar et al., 2016). Studies have
shown that many archaea are capable of ammonia oxidation
and thus are important in the nitrogen cycle (Tripathi et al.,
2015). As the primary decomposers, soil fungi produce extra-
cellular enzymes that break down specific forms of carbon
(Looby & Treseder, 2018). Therefore, changes in the assem-
bly and activity of soil microbial communities can affect the


http://crossmark.crossref.org/dialog/?doi=10.1007/s11368-020-02608-0&domain=pdf
https://doi.org/10.1007/s11368-020-02608-0
mailto:shanghechina@caf.ac.cn

J Soils Sediments (2020) 20:2794-2803

2795

functionality and thus the biogeochemical processes and pro-
ductivity of the forest ecosystem. Understanding how the mi-
crobial communities change is essential to understanding the
dynamic variation in the forest ecosystem (Chauvet et al.,
2017; Norden et al., 2015). However, the distribution patterns
and diversity of soil microbes at regional and global scale are
poorly understood compared with those of aboveground
macro-organisms (Kazemi et al., 2016). As with plants, soil
microbes are subject to environmental stress and biological
interactions; however, the recovery mechanisms of the soil
microbial community may differ due to the differences in
biology (Sun et al., 2017). Changes in soil microbial commu-
nities are often strongly correlated with variations in edaphic
properties, especially in substrate availability and pH (Bapiri
et al., 2010; Rousk et al., 2010). Plant community composi-
tion may also be a main determining factor, particularly for
fungal communities, because as plant symbionts, pathogens,
and decomposers, fungi are tightly linked to the activities of
living plants and saprotrophs (Dassen et al., 2017; Saitta et al.,
2018). Tree species composition could affect fungal commu-
nity composition through substrate quality, symbiotic compat-
ibility, and specific defense mechanisms, such as
allelochemicals (Tedersoo et al., 2016). In addition, previous
studies have shown that bacteria and archaea are often more
sensitive to soil pH, whereas fungi may be more sensitive to
soil carbon (Thomson et al., 2015; Tripathi et al., 2013).
Therefore, different groups of forest soil microbes may vary
in their response to the same environmental variables and
show contrasting dynamics after disturbances (Birkhofer
etal., 2012).

Clear-cutting involves the felling and removal of all tree
stems and was once a common practice in many forests
throughout the world (Bergholm et al., 2015; Dong et al.,
2018; Fedorov et al., 2016; Johnson et al., 1991). As one of
the most severe disturbances to a forest, clear-cutting causes
extreme changes in the biotic and abiotic environment (Ding
et al.,, 2017) and indirectly influences the distribution and
abundance of soil microbes (Pei et al., 2016). Previous studies
have suggested that vegetation communities and soil fertility
in the slash tend to recover to a condition that is similar to that
of intact forest through natural regeneration (Achat et al.,
2015; Ivanova, 2014; Xu et al., 2015). With regard to soil
microbes, the extreme environmental conditions and the low
resource availability induced by serious disturbance can re-
strict some sensitive microbial species and reduce the micro-
bial biomass and diversity (Banning et al., 2011; Xiang et al.,
2014). As stress decreases with environmental restoration,
new ecological niches may contribute to the recovery of the
restricted species and eventually facilitate the return of the
microbial community to a state is similar to that observed prior
to the disturbance (Hart et al., 2005; Xiang et al., 2014).
Nevertheless, fungal and archaeal communities may not fol-
low this predictable successional trend ((Zhang et al., 2016b);

Banning et al. 2011). Many studies have demonstrated that
soil microbial community assembly is simultaneously
influenced by both deterministic and stochastic process-
es, and the result of succession depends on a complex
balance between deterministic and stochastic variability
(Caruso et al., 2011).

The space-for-time approach has typically been used to
examine the changes in different components of the forest
ecosystem over time (Cao et al., 2012; Zhang et al., 2016b).
However, studies on the differences in the soil microbial com-
munity assembly across different stages of natural restoration
after clear-cutting in subalpine areas are scarce. The subalpine
forest area of western Sichuan is located on the eastern Tibetan
Plateau and has suffered long-term and large-scale exploita-
tion from the mid-twentieth century to the end of the twentieth
century (Liu et al., 2010). The cutting area is mainly located at
an elevation of 2800-3600 m (Zhang et al., 2005). After clear-
cutting, natural regeneration commonly occurs and comprises
the shrub stage (0—10a), the mixed shrub and broadleaf forest
stage (10-20a), the broadleaf forest (BF) stage (20-30a), and
the mixed coniferous and broadleaf forest (MF) stage and
eventually achieves the dark coniferous forest stage (Shi
et al., 1988; Wang et al., 2009). We hypothesized that (1)
diversity of three different microbial groups in BF and MF
stands would be higher than in the primeval coniferous forest
(PCF) stand and the edaphic properties would be the key de-
terminants of the variation in soil microbial community as-
sembly and (2) the bacterial, fungal, and archaeal groups
would follow distinct response trajectories, whereas the deter-
ministic processes would dominate only in bacterial commu-
nity assembly. The present study has verified the above hy-
potheses and attempted to comprehensively analyze the rela-
tionships among plants, soil, nematodes, and microbes. This
study contributes to a better understanding of the succession
mechanism of soil microbial communities during forest
restoration.

2 Materials and methods
2.1 Study site

The present study was conducted in Miyaluo (102° 41'-102°
44" E, 31°42'-31° 51’ N), which is located in Lixian County,
Aba Tibetan and Qiang Autonomous Prefecture, western
Sichuan Province, China. This area belongs to the transition
zone between the Tibetan Plateau and the Sichuan Basin and
has an elevational range of 2200-5500 m (Ma et al., 2007).
This area is characterized by a montane monsoon climate with
an annual mean temperature of 6—10 °C and an annual pre-
cipitation of 600—1100 mm (Xu et al., 2012). The soils at the
study sites are classified as a mountain brown soil series in
Chinese soil taxonomy.
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Because the study area is located in a subalpine valley
region, it was very difficult to achieve repetition at the stand
level in the present study. Therefore, the field investigation
and sampling were repeated on a plot level. Three stands,
including broadleaf forest (BF) dominated by Betula albo-
sinensis Burk.; mixed coniferous and broadleaf forest (MF)
dominated by B. albo-sinensis, dragon spruce (Picea asperata
Mast.), and faxon fir (Abies faxoniana Rehd.); and primeval
coniferous forest (PCF) dominated by faxon fir, were selected
in the present study. The primeval forests in the BF and
MF stands were clear-cut in the late 1980s and early
1960s, respectively. The age of the PCF is between
160 and 200 years (Ma et al., 2007). All the selected
stands were located on a partially shaded aspect and
had similar environmental conditions. The soil depth
of the selected stands ranged from 25 to 30 cm.
Below the mineral soil horizon, the parent materials
are mainly phyllite and slate. The mean slope degrees
of the BF, MF, and PCF were 26°, 23°, and 24°, re-
spectively. The densities of the BF, MF, and PCF stands
were 767 trees hm 2, 1250 trees hm 2, and
883 trees hm 2, respectively. These stands were rarely
disturbed by human activity.

2.2 Sampling design

The field measurements and sampling were conducted in
July 2018. Three 20 x 20 m square plots were randomly
established in each stand. The diameter at breast height
(DBH) was recorded for all trees within each plot, and the
relative dominance of conifers (RDC) was calculated for all
plots based on basal area at breast height. Three 2 x 2 m sub-
plots were randomly distributed within each plot for shrub
sampling. Moreover, three 1 x I m microplots were randomly
distributed within each plot for herb sampling. Both the
shrubs and herbs were destructively excavated and mea-
sured for fresh weight. The trees, shrubs, and herbs
were identified at the species level. The subsamples of
both shrubs and herbs were oven-dried at 65 °C to a
constant weight to calculate total biomass. The soil sam-
ples were collected at a depth of 0—10 cm at five ran-
dom points within each plot, and the five soil samples
were then combined to create one composite soil sample
that was held on ice in an incubator. After removing the
rocks, roots, and litter, the soil samples were passed
through a 2-mm sieve. Each soil sample was divided
into three parts that were used for (1) the analysis of
edaphic properties, (2) the analysis of nematode com-
munities, and (3) the extraction of DNA (stored at —
80 °C). The soil samples were collected to determine
bulk density and were oven-dried at 105 °C to a con-
stant weight. The mean of three replications represented
the bulk density in each plot.
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2.3 Edaphic properties and nematode community
analyses

Soil organic carbon (SOC) was measured by the potassium
dichromate oxidation method, and total nitrogen (TN) was
measured by the semimicro-Kjeldahl method (Liu, 1996).
The C/N ratio was calculated by dividing the SOC by the
TN. The available nitrogen (AN) was measured by alkaline
hydrolysis diffusion methods (Bao, 2000). Soil pH was mea-
sured using distilled water extracts with a pH meter (Tian
et al., 2012). Soil total phosphorus (TP) and available phos-
phorus (AP) were measured by the Mo-Sb colorimetric meth-
od (Liu, 1996).

Nematodes were extracted from a 100 g fresh soil sample
using a modified sucrose centrifugal flotation method
(Freckman & Virginia, 1993). At least 100 nematodes from
each sample were randomly selected and identified at the ge-
nus level using an inverted compound microscope according
to Yin (Yin, 1998). Nematodes were assigned to one of four
groups based on their feeding habit: (1) bacterivores, (2)
fungivores, (3) plant parasites, and (4) omnivores/predators.

2.4 Soil DNA extraction and sequencing

Microbial genomic DNA was extracted from approximately
0.5 g of a composite soil sample using the FastDNA Spin Kit
(MP Biomedicals, Solon, OH, USA). Extracted DNA was
assessed using 1% agarose gel electrophoresis, and the DNA
concentration and quality were determined using an ND-2000
UV-Vis spectrophotometer (NanoDrop Technologies,
Wilmington, DE, USA).

The hypervariable regions V4-V5 of the bacterial 16S
rRNA genes, the fungal ITS1 region, and the hypervariable
regions V4-V5 of the archaeal 16S rRNA genes were ampli-
fied using the primers 515F/907R, ITS1/ITS2R, and
524F10extF/Arch958RmodR, respectively, via PCR on an
ABI GeneAmp PCR system 9700 (Applied Biosystems,
Foster City, CA, USA). The PCRs were performed in tripli-
cate 20 L mixtures containing 0.4 uL of FastPfu polymerase,
4 uL of 5x FastPfu buffer, 0.8 uL (5 pM) of each primer, 2 uL
of 2.5 mM dNTPs, and 10 ng of template DNA under the
following condition: 95 °C for 3 min, 25 cycles at
95 °C for 30 s, 55 °C for 30 s, and 72 °C for 45 s
and a final extension at 72 °C for 10 min. After ampli-
fication, the PCR products were visualized on 2% aga-
rose gels, purified by the AxyPrep DNA gel extraction
kit (Axygen Biosciences, Union City, CA, USA), and
then quantified by QuantiFluor™-ST (Promega
Biotech, Beijing, China). The purified amplicons were
pooled in equimolar amounts and then were sequenced
on the MiSeq PE300 platform (Illumina, San Diego,
CA, USA) by Shanghai Majorbio Biopharm
Technology Co., Ltd. in China.
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Table 1 Variation in the edaphic
and biotic factors in the three

BF

MF

PCF

stands Edaphic factors SOC (g/kg) 95.78(1.67)a 76.69(1.61)b 56.04(1.01)c
TN (g/kg) 7.27(0.15)a 6.34(0.06)b 4.16(0.05)c
TP (g/kg) 0.85(0.02)a 0.97(0.01)b 0.70(0.01)c
AN (mg/kg) 651.55(16.41)a 591.59(1.82)b 357.36(1.62)c
AP (mg/ke) 10.19(2.87)a 21.82(1.87)b 9.72(2.56)a
pH 5.73(0.06)a 5.62(0.1D)a 5.88(0.05)a
CN 13.17(0.05)a 12.09(0.27)b 13.48(0.13)a
SBD (g/em?) 0.64(0.03)a 0.69(0.02)a 0.63(0.02)a

Biotic factors PB (%) 26(9.60)a 32.33(2.60)a 18.67(6.17)a

PF (%) 0.33(0.33)a 0.00(0.00)a 1.33(1.33)a
BN (ind g dry soil) 0.58(0.20)a 1.74(0.34)b 0.11(0.04)a
FN (ind g dry soil) 0.01(0.01)a 0.00(0.00)a 0.01(0.01)a
PR 15(1)a 20(2)a 14(1)a
RDC (%) 12.67(3.76)a 57.67(9.53)b 95.00(1.15)c

Data are presented as the mean value with the standard error (SE) given in parentheses (n = 3). Mean values within
a row followed by different lowercase letters are significantly different at p < 0.05

SOC soil organic carbon, TN total nitrogen, 7P total phosphorus, AN available nitrogen, AP available phosphorus,
C/N the ratio of organic carbon to total nitrogen, SBD soil bulk density, PB the proportion of bacterivores, PF' the
proportion of fungivores, BN bacterivore number, FN fungivore number, PR plant richness, RDC relative dom-

inance of conifers
2.5 Bioinformatic and statistical analysis

Raw sequences longer than 200 bp with an average quality
score more than 20 and without ambiguous base calls were
quality processed using QIIME pipeline (version 1.17). The
operational taxonomic units (OTUs) were clustered with a
97% similarity cutoff using UPARSE (version 7.1 http://
drive5.com/uparse/). The bacterial, fungal, and archaeal
sequences were randomly subsampled down to the lowest
number of corresponding sequences for all samples prior to
further analysis. The bacterial and archaeal sequences were
classified using the Silva database (version 128, http:/www.
arb-silva.de). The fungal sequences were classified using the
Unite database (version 6.0, http://unite.ut.ee/index.php). As
recommended by the Ribosomal Database Project (RDP), a
confidence threshold of 70% was applied to assign the
sequences to different taxonomic levels. Alpha diversity was
used to analyze the complexity of the species diversity of a
sample based on 4 variables (the Chao estimator, coverage
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estimator, the Simpson and Shannon indices) in Mothur
(http://www.mothur.org/wiki). In the present study, a phylum
with a relative abundance of greater than 3% in all samples was
defined as a dominant phylum, and an order with a relative
abundance of greater than 1% in all samples was defined as a
dominant order. Principal coordinate analysis (PCoA) and anal-
ysis of similarities (ANOSIM) based on a weighted UniFrac
distance matrix were applied to determine differences in the
microbial community among the three stands. Redundancy
analysis (RDA) was performed to identify the effects of the
edaphic and biotic factors on the microbial community compo-
sition using the R Vegan package (R Core Team, 2013). To
assess the relative importance of selection and chance effects,
the deterministic and stochastic changes were calculated as var-
iations in community structure using a modified method based
on Euclidean distances (Zhang et al., 2011). Compared with the
mixed coniferous and broadleaf forest and the dark coniferous
forest, the broadleaf forest is an earlier successional stage.
Therefore, the variation between the plots of the broadleaf
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Fig. 1 Taxonomic proportions in the a bacterial, b fungal, and ¢ archaeal communities in the three stands
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stands was used as a reference point, and the Euclidean dis-
tances were calculated based on the relative abundance of mi-
crobial communities at the phylum level and nematodes at the
genus level, on biomass for herbs and shrubs, and on relative
dominance for trees. The deterministic change can be calculat-
ed as D = [(mean variation between the reference point and the
other stand)— (reference point)], and the stochastic
change can be calculated by S=[(mean variation within
the other stand) — (reference point)]. For the MF and PCF

In addition, one-way ANOVA with Tukey’s test (p < 0.05)
and Pearson correlation analysis were conducted using the
SPSS 18.0 (SPSS, Chicago, IL, USA).

3 Results

3.1 Variation in the environmental variables
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Fig. 3 Principal coordinate analysis (PCoA) of the a bacterial, b fungal, and ¢ archaeal communities across the three stands
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Table 2 Stand differences in microbial communities based on Table 3 RDA parameters (+* and p) between the environmental
ANOSIM variables and the different microbial communities across the three stands
Bacteria Fungi Archaea Bacteria Fungi Archaea
r p r p r P r p r p r P
[k 0.007 Lk 0.003 0.60%* 0.007 socC 0.97*%  0.001 0.89*%*  0.001 0.97*#%  0.005
TN 0.947%%* 0.005 0.96** 0.001 0.96%%* 0.005
##p < 0.01
AN 0.92% 0.018 0.97%%* 0.001 0.95% 0.018
41%. 43%. and 45% tivelv (Table 1), Th rati C/N 0.76* 0.022  0.55 0.077  0.84**  0.007
0, 43%, and 45%, respective y ( able ). The concentrations ., 0.86**  0.005  0.88* 0.004  0.93**  0.005
of TP and AP in the MF stand were significantly higher than in ,
. AP 0.86* 0.011 043 0.178  0.80* 0.026
the other two stands (Table 1). In contrast, the C/N in the BF ,
.. . . RDC  0.89**  0.003  0.83**  0.008  093*  0.004
and PCF stands was significantly higher than that in the MF ,
BN 0.80* 0.012 - 0.85%%* 0.002

stand (Table 1). The soil bulk density (SBD) and pH were not
significantly different across the three stands (Table 1). For the
biotic variables, the proportion of bacterivores (PB), the propor-
tion of fungivores (PF), the fungivore number (FN), and the
plant richness (PR) also appeared to be independent of the
change in the stands (Table 1). However, the bacterivore num-
ber (BN) in the MF stand was significantly higher than that in
the other two stands, whereas the relative dominance of
conifers (RDC) showed a significantly increasing trend
from the BF stand to the PCF stand (Table 1).

3.2 Microbial community assembly and diversity

All the coverage values were greater than 0.98, which sug-
gests that all three microbial communities were well sampled
(Table S1). In total, 2152 bacterial, 2100 fungal, and 747
archaeal nonsingleton OTUs were identified after filtering
and removing the chimeras. Based on the Shannon and
Simpson indices, the o-diversity of the three microbial groups
in the PCF stand was significantly lower than that in the BF
and MF stands (Table S1). The bacterial reads were assigned
to 5 dominant phyla, and the mean relative abundance of the
individual dominant phyla across all the stands was as fol-
lows: Proteobacteria (39.82%), Acidobacteria (21.27%),
Actinobacteria (18.21%), Bacteroidetes (7.57%), and
Planctomycetes (4.00%) (Fig. 1a). For the fungal community,
the order is Basidiomycota (47.28%), Ascomycota (29.76%),

#5p < 0.01; *p < 0.05

and Zygomycota (19.77%) (Fig. 1b). Within the archaeal
community, Thaumarchaeota was the only dominant phylum
and was present in more than 75% in all the stands (Fig. 1c).
The relative abundance of Acidobacteria, Actinobacteria,
Bacteroidetes, Planctomycetes, Basidiomycota, Ascomycota,
and Thaumarchaeota significantly changed among the three
stands (p < 0.05) (Fig. 2b, c, d, e, f, g, ). Moreover, the con-
tinuous variation in the relative abundance of Planctomycetes,
Basidiomycota, and Ascomycota was exhibited from the BF
stand to the PCF stand, including decreases in Planctomycetes
and Ascomycota and an increase in Basidiomycota (Fig. 2e—
g). In contrast, the relative abundance of Proteobacteria and
Zygomycota remained relatively stable (Fig. 2a, h). Although
the mean relative abundance of Euryarchaeota in the PCF
stand was much higher than that in the other two stands, there
was no significant difference among the stands (Fig. 1). At the
order level, the bacterial communities across the three stands
were dominated by Rhizobiales, Norank c_Acidobacteria,
Burkholderiales, Acidobacteriales, Gaiellales,
Sphingobacteriales, Xanthomonadales, Rhodospirillales,
Planctomycetales, Acidimicrobiales, Solirubrobacterales, and
SC-I1-84 (Table S2). For the fungal communities, the dominant
orders were Mortierellales, Helotiales, Hypocreales, and
Tremellales (Table S3). Furthermore, the relative abundance
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Fig. 4 Redundancy analysis (RDA) showing the effects of environmental variables on the a bacterial, b fungal, and ¢ archaeal communities across the
three stands
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of Russulales in the fungal community sharply increased from
0.20% in the BF stand to 55.42% in the PCF stand (p < 0.05)
(Table S3). For the archaeal communities,
Norank ¢ Soil Crenarchaeotic Group SCG_ was the only
dominant order in all stands (Table S4). The pattern of bacte-
rial, fungal, and archaeal 3-diversity at the OTUs level are
shown in the PCoA plots (Fig. 3). Both the bacterial and
fungal communities were differentiated into three clusters cor-
responding to the three stands (Fig. 3a, b). In contrast, it was
difficult to differentiate the archaeal community into three
clusters (Fig. 3c). In addition, the r value of the bacterial,
fungal, and archaeal communities across the three stands
based on ANOSIM were 1, 1, and 0.60, respectively
(p <0.05) (Table 2).

3.3 The determining factors of the microbial
community

The environmental variables that significantly changed within
the three stands were selected for further analysis. RDA was
performed to examine the relationships between the environ-
mental variables and microbial communities based on the
OTUs (Fig. 4, Table 3). Among the selected environmental
variables, SOC, TN, and AN were the three dominant factors
affecting the communities regardless of the microbial group
(Fig. 4). All the selected variables significantly contributed to
the variation in the bacterial and archaeal communities across
the three stands ((p < 0.05) (Table 3). In contrast, the C/N and
AP were not significantly associated with the assembly of the
fungal community (Table 3). Using the BF stand as a reference
point, the changes in the community assembly of the three
microbial groups and in trees were dominated by the deter-
ministic processes in the MF and PCF stands. However, the
nematodes and shrubs were strongly driven by stochasticity
(Fig. 5).
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Fig. 5 The relative importance of chance effect in different groups of
organisms in the three stands
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4 Discussion

Our results showed that the relative abundance of all the dom-
inant phyla in the microbial communities significantly
changed among the different stands except for
Proteobacteria and Zygomycota. The variation in the relative
abundance of different taxa (species sorting) might be a dom-
inant response mechanism of microbial communities to envi-
ronmental change (Rui et al., 2015). In the present study, the
relative abundance of Russulales sharply increased from less
than 5% in the BF and MF stands to 55.42% in the PCF stand.
This significant increase in the relative abundance of
Russulales in the fungal community may indicate that the
forests have naturally progressed to the final successional
stage after clear-cutting in this subalpine area. A previous
study reported that the microbial community can recover
much more rapidly than the plant community after suffering
serious damage (Xiang et al., 2014). Therefore, the variation
in soil microbial community assembly could be used as a
bioindicator of a particular stage in the process of soil devel-
opment or vegetation succession (Jiang et al., 2018).

Although the bacterial community assembly changed with-
in the different stands, Proteobacteria, Acidobacteria,
Actinobacteria, Bacteroidetes, and Planctomycetes were al-
ways the five dominant phyla, which is similar to a previous
finding that Proteobacteria, Acidobacteria, Actinobacteria,
Verrucomicrobia, and Bacteroidetes were the five ubiquitous
bacterial groups in most soils (Janssen, 2006). In the present
study, the a-diversity of the three microbial groups in the BF
and MF stands was much higher than that in the PCF stand.
Given that the BF and MF stands represent the middle stage of
natural succession after clear-cutting, we speculate that varia-
tion in the diversity of the soil bacterial, fungal, and archaeal
communities in the subalpine area may also be consistent with
the intermediate disturbance hypothesis, which suggests that
the species diversity is expected to be maximized at an inter-
mediate intensity of disturbance or environmental change
(Connell, 1978). This hypothesis has frequently been used to
explain community variation across environmental and tem-
poral gradients, particularly for plants (Dolezal et al., 2013;
Zhang et al., 2016b).

Previous studies have demonstrated that clear-cutting
causes significant variation in edaphic properties, particularly
in carbon and nitrogen concentrations in subalpine coniferous
forests (Liu, 1979; Zhou & Yang, 1984). In the present study,
there were always differences in edaphic properties between
the different stands, which contribute to changes in the micro-
bial communities. The SOC and TN concentrations decreased
from the BF stand to the PCF stand, probably because the
organic matter returned to the soil in the middle and late suc-
cessional stages to a lesser degree than that in the previous
stages. In general, the soil directly supports the substrate of the
microbial communities, and thus has a greater impact on
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shaping soil microbial communities (Jiang et al., 2018). The
variables related to soil fertility and pH have been suggested to
be the critical factors determining the assembly of soil micro-
bial communities (Thomson et al., 2015; Tripathi et al., 2013;
Wan et al., 2015; You et al., 2014). However, pH was not
identified as a dominant explanatory variable in the variation
of different microbial groups due to its narrow range in the
present study. Our results indicate that carbon and nitrogen
concentrations were the major edaphic factors influencing all
three microbial communities in the subalpine forest. We found
that bacterivore number was significantly correlated with the
assembly of bacterial and archaeal communities, which is con-
sistent with the suggestion that nematodes are an important
factor influencing soil microbial assembly (Jiang et al., 2018;
Nieminen, 2009). These results suggest that the differences in
the feeding characteristics of the nematode community could
affect soil microbial community composition.

Previous results on the effects of the plant or tree species
composition on the fungal microbial communities are not con-
sistent. Some studies have found that tree species or plant
community diversity was the main driver in shaping the fun-
gal community and have suggested that the fungal community
is more closely related to plant composition than other micro-
bial groups in some specific ecosystems (Saitta et al., 2018;
Tedersoo et al., 2016; Yang et al., 2017a). In contrast, other
studies have demonstrated that the fungal community assem-
blage was determined by highly stochastic processes (Jiang
et al., 2018; Yang et al., 2017b). The differences among eco-
systems or the complex interactions between biotic and abiotic
factors may lead to inconsistent results concerning the critical
drivers of microbial communities (Ni et al., 2018; You et al.,
2014). In our study, the fungal community changed from
Ascomycota-dominant in the BF stand to Basidiomycota-
dominant in the PCF stand, suggesting that the assembly of
the fungal community may follow a regular pattern along
natural vegetation restoration in subalpine areas. Although
the Ascomycota are highly adaptable, the soil environment
in the coniferous forest may be more conducive to the growth
of the Basidiomycota microbes (Sheng, 2018). Previous stud-
ies have suggested that the increase in the abundance of
Basidiomycota microbes in coniferous forest soil may be re-
lated to their ability to degrade complex lignocellulose com-
ponents (Liu et al., 2018; Lundell & Mékeld, 2010). In addi-
tion to the fungal communities, the bacterial and archaeal
communities were also significantly correlated with tree spe-
cies composition in the present study. The impacts of plant
community composition on the soil bacterial and archaeal
communities are most likely mediated by changing soil nutri-
ents, particularly by soil carbon and nitrogen concentrations
(Dassen et al. 2017; (Fierer et al., 2009; Zhang et al., 2016a)).
Our results demonstrated that all three microbial groups were
dominated by deterministic process. The deterministic pro-
cesses include selection imposed by the abiotic and biotic

environments; in contrast, the stochastic processes include
probabilistic dispersal and random changes in the relative
abundance of species (Dini-Andreote et al., 2015; Stegen
etal., 2012). Therefore, these results suggest that the assembly
of bacterial, fungal, and archaeal communities in the subalpine
area was all strongly determined by environmental filtering.

5 Conclusions

The bacterial, fungal, and archaeal community assembly
clearly changed across the three subalpine stands at different
stages of natural restoration. The variation in the bacterial,
fungal, and archaeal community assembly was driven largely
by deterministic processes. The relative abundance of sensi-
tive microbial taxa, such as Russulales, could be used to pre-
dict the direction and magnitude of natural succession in the
study area. In addition to soil nutrients, the tree species com-
position and the feeding traits of soil nematodes are also key
factors influencing microbial community assembly. The infor-
mation provided by our study will improve the understanding
of ecosystem recovery processes in the subalpine area. Due to
limitations in the selection of stands, these results do not rep-
resent the complete pattern of variation in the microbial com-
munity after clear-cutting. Hence, studies including ad-
ditional restoration stages will be required to further
confirm these results.
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