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Elevational gradients strongly affect the spatial distribution and structure of soil bacterial
communities. However, our understanding of the effects and determining factors is
still limited, especially in the deep soil layer. Here, we investigated the diversity and
composition of soil bacterial communities in different soil layers along a 1,500-m
elevational gradient in the Taibai Mountain. The variables associated with climate
conditions, plant communities, and soil properties were analyzed to assess their
contributions to the variations in bacterial communities. Soil bacterial richness and α-
diversity showed a hump-shaped trend with elevation in both surface and deep layers.
In the surface layer, pH was the main factor driving the elevational pattern in bacterial
diversity, while in the deep layer, pH and soil carbon (C) availability were the two main
predictors. Bacterial community composition differed significantly along the elevational
gradient in all soil layers. In the surface layer, Acidobacteria, Delta-proteobacteria, and
Planctomycetes were significantly more abundant in the lower elevation sites than in the
higher elevation sites; and Gemmatimonadetes, Chloroflexi, and Beta-proteobacteria
were more abundant in the higher elevation sites. In the deep layer, AD3 was most
abundant in the highest elevation site. The elevational pattern of community composition
co-varied with mean annual temperature, mean annual precipitation, diversity and basal
area of trees, pH, soil C availability, and soil C fractions. Statistical results showed that pH
was the main driver of the elevational pattern of the bacterial community composition
in the surface soil layer, while soil C fractions contributed more to the variance of the
bacterial composition in the deep soil layer. These results indicated that changes in soil
bacterial communities along the elevational gradient were driven by soil properties in
both surface and deep soil layers, which are critical for predicting ecosystem functions
under future climate change scenarios.
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INTRODUCTION

Soil microbial communities play critical roles in soil
biogeochemical and nutrient cycling processes (Schimel
and Schaeffer, 2012; Wagg et al., 2014). Shifts in soil microbial
communities may lead to significant changes in carbon (C)
and nutrient cycling in plant–soil systems. Along an elevational
gradient, biotic and abiotic characteristics change dramatically
over a short geographic distance (Körner, 2007; Ren C. et al.,
2018b). How forest soil bacterial communities respond to
environmental changes along the elevational gradient is critical
for predicting future ecosystem functions and climate feedbacks
(Bryant et al., 2008; Philippot et al., 2010).

Patterns of soil bacterial community distribution along
elevational gradients have been well documented in many
studies (Bryant et al., 2008; Yao et al., 2017; Ren C. et al.,
2018b). However, the conclusions of these studies are rather
contradictory: some studies reported a decreasing diversity
with elevation (Bryant et al., 2008; Singh et al., 2014), some
studies reported the highest diversity at medium elevation
(Meng et al., 2013; Ren C. et al., 2018b), and other studies
reported no obvious trends with elevation (Bardhan et al., 2012;
Yasir et al., 2015). Furthermore, a wide range of biotic and
abiotic factors, such as soil pH, soil organic carbon (SOC)
content, soil nutrient, plant traits, and temperature, have been
shown to influence bacterial diversity and composition along
elevational gradients (Liu et al., 2016; Yao et al., 2017; Ren
C. et al., 2018b). These inconsistent trends and controlling
factors of bacterial diversity and composition might be caused
by different study sites and elevation ranges, which affect the
variances in environmental characteristics among sites. Broader
variances in climatic conditions, and plant and soil properties
will be more effective to reveal the elevational pattern of
bacterial community and facilitate the evaluation of the relative
importance of these factors.

Soil organic carbon availability and quality can regulate the
diversity and composition of soil microbial communities (Ding
et al., 2015; Delgado-Baquerizo et al., 2016; Tian et al., 2018;
Shao et al., 2019). SOC-rich soils usually have higher bacterial
diversity than SOC-poor soils. Moreover, different soil bacterial
groups have different life strategies. Some groups of bacterial
communities (copiotrophic taxa) are known to dominate in
soils where SOC is more abundant and decomposable, while
some other groups (oligotrophic taxa) usually grow in soils
with lower C content, lower labile C pool, and lower C
mineralization rates (Fierer et al., 2007; Yao et al., 2017). Thus,
SOC content and mineralization rate, which represent soil C
availability, are important determinants of soil bacterial diversity
and composition (Ding et al., 2015; Yao et al., 2017; Tian et al.,
2018). Besides, the chemical components of SOC (known as
soil labile or recalcitrant C fractions) are also demonstrated to
affect soil bacterial communities (Davinic et al., 2012; Ng et al.,
2014; Li et al., 2018; Deng et al., 2019), since individual bacterial
taxa exhibit different resource preferences (Paterson et al., 2008;
Di Lonardo et al., 2017; Ivanova et al., 2018). For example,
Acidobacteria, Delta-proteobacteria, and Gemmatimonadetes
can degrade more recalcitrant substrates, while Actinobacteria

and Beta-proteobacteria can utilize fresh and labile substrate
(Pascault et al., 2013; Chen et al., 2015). Dramatic changes in
plant communities and soil physico-chemical properties along
elevational gradients are expected to cause strong variations in
soil C availability and soil C fractions (Djukic et al., 2010; Du
et al., 2014). Determining their effects on soil bacterial diversity
and composition along elevational gradients are important to
better understand the biogeography of bacterial community and
their ecological functions.

Most studies on bacterial communities along an elevational
gradient focused solely on the surface layer (0–20 cm), where
soil microorganisms were most abundant and active. However,
microbial communities in deeper soil layers also play important
roles in regulating biogeochemical processes associated with
nutrient cycling, soil formation, and contaminant degradation
(Fierer et al., 2003; Eilers et al., 2012; Li et al., 2014). Due to
the large variations in soil properties and SOC content across
soil layers, recent studies have shown that bacterial diversity
and composition differed significantly among soil layers (Chu
et al., 2016; Nacke et al., 2016; de Araujo Pereira et al., 2017;
Du et al., 2017). However, little is known about whether the
environmental changes along elevational gradients affect soil
bacterial communities in deeper soil layers.

The purpose of this study was (1) to explore the spatial
patterns of the diversity and composition of soil bacterial
communities along an elevational gradient across soil layers
and (2) to reveal their determining factors, especially the
factors associated with soil C availability and C fractions. We
hypothesized that (1) soil bacterial α-diversities would show
hump-shaped trends along the elevational gradient for both
surface and deep layers due to the highest soil pH in the
medium elevation and (2) soil bacterial composition would vary
significantly along the elevational gradient in both surface and
deep layers, but the driving factors might differ across soil
layers. To test these hypotheses, we carried out a study in the
Taibai Mountain in the Qinling Range of central China. We
used 16S rRNA gene sequencing to reveal changes in the soil
bacterial diversity and composition. The variables associated
with climate, vegetation, soil physico-chemical properties, soil
C availability, and C fractions were analyzed to assess their
effects on the variations in the bacterial communities along the
elevational gradient.

MATERIALS AND METHODS

Site Description and Soil Sampling
The study was conducted in the Taibai Mountain (107◦19′–
107◦58′E and 33◦45′–34◦10′N), which is the peak of Qinling
Mountains in central China. The Qinling Mountains vary in
elevation from 470 to 3,760 m above sea level, and they are the
climate demarcation line between the northern and southern
regions of China as well as the watershed between the Yellow
and Yangtze Rivers. The northern slope of the Taibai Mountain
falls into five climate zones: warm temperate, temperate, cold
temperate, cold, and alpine cold. The average annual temperature
varies from 11.0◦C (1,250 m a.s.l.) to 1.1◦C (3,250 m a.s.l.),
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and the mean annual precipitation (MAP) ranges from 600 to
1,000 mm, with the highest precipitation in the middle elevation
of 1,850–2,400 m a.s.l. These diverse environmental factors cause
a variety of forest types along the elevational gradient, including
Quercus aliena var. acuteserrata forest (1,200–1,800 m a.s.l.),
Quercus liaotungensis forest (1,800–2,300 m a.s.l.), Betula albo-
sinensis forest (2,300–2,600 m a.s.l.), Abies fargesii forest (2,600–
3,000 m a.s.l.), and Larix chinensis forest (3,000–3,400 m a.s.l.).

We sampled soils at five sites on the northern slope of the
Taibai Mountain with average elevations of 1,649, 2,139, 2,443,
2,872, and 3,145 m a.s.l. (Supplementary Figure 1). The five
sites were chosen to cover the five forest types. The site of
Q. aliena var. acuteserrata forest was about 0.8, 14.4, 13.5, and
13.1 km away from sites of Q. liaotungensis forest, B. albo-sinensis
forest, A. fargesii forest, and L. chinensis forest, respectively
(Supplementary Table 1). For each site, three plots (20 × 50 or
30 × 33 m depending on site conditions) were established for
vegetation investigation and soil sampling. The three plots are at
least 50 m away from each other. At each plot, all trees with a
diameter at breast height (DBH)≥ 5 cm were identified at species
level, and the DBH and height of each tree were measured. Tree
density, sum of breast-height basal area, and Shannon’s index of
the tree species were calculated. Mean annual temperature (MAT)
was calculated according to an empirical formula (the northern
slope: MAT = −0.00495 × elevation + 17.1875) provided by
literature (Tang and Fang, 2006). MAP was calculated following
the relationship between MAP and elevation in mountain regions
(Fu, 1982). Detailed information regarding climate conditions,
vegetation properties, and soil type of each forest is given in
Table 1.

One soil profile at each plot was dug in October 2016. Surface
organic material was carefully removed. For each profile, soil
samples were collected according to their mineral horizons.
In Q. aliena forest and Q. liaotungensis forest, four soil layers
were collected (A, AB, B1, and B2). In B. albo-sinensis forest,
A. fargesii forest, and L. chinensis forest, three soil layers were

collected (A, AB, and B). Overall, 51 soil samples were collected
(2 forest sites× 3 plots× 4 layers + 3 forest sites× 3 plots× 3 layers).
For each sample, about 2 kg of fresh soil was collected. All soil
samples were then immediately brought to the laboratory and
passed through a 2-mm sieve. Roots and visible residues were
picked out manually, and the roots were thoroughly washed
with deionized water and dried at 65◦C for 48 h to calculate root
biomass in mg g−1 dry soil. Part of the soils was stored at−80◦C
for genomic DNA extraction, PCR, and sequencing. Part of the
soils was stored at 4◦C for dissolved organic C and nitrogen
analyses within 2 days. The other part of the soils was air-dried
for further physico-chemical analysis.

Soil Properties
Soil organic carbon and total nitrogen (TN) were measured using
an elemental analyzer (Flash 2000, Thermo Fisher Scientific Inc.,
Waltham, MA, United States). Before C and nitrogen analyses,
soil samples were tested for the presence of carbonate, and no
carbonate was found. Concentrations of soil inorganic nitrogen
(SIN, NH4

+–N + NO3
−–N) were extracted with 2 mol L−1 of

KCl and then measured using a discrete autoanalyzer (EasyChem,
Systea Scientific Inc., Rome, Italy).

Soil organic carbon was further fractionated into different
C pools with physical and chemical methods. First, SOC
was fractionated into particulate organic C (POC) using size
fractionation (>53 µm). Second, a two-step acid hydrolysis
procedure with H2SO4 was used to separate SOC into labile
and recalcitrant C pools, which are featured by different
chemical compositions (Rovira and Vallejo, 2002). Briefly, soil
samples were first hydrolyzed with 2.5 mol L−1 of H2SO4
at 105◦C for 30 min. The organic C in this hydrolyzate
was taken as labile pool I (LPI). The remaining residue was
further hydrolyzed with 13 mol L−1 of H2SO4 and shaken
overnight at room temperature. The concentration of the
acid was then brought down to 1 mol L−1 by dilution
with de-ionized water, and the sample was hydrolyzed for

TABLE 1 | The properties of the sampling sites along the northern slope of Taibai Mountain.

Elevation
(m a.s.l.)

Forest types MAT (◦) MAP (mm) Tree
Shannon’s

index

Tree
Simpson’s

index

Tree basal
area (cm2

m−2)

Tree density
(trees ha−1)

Soil types

1,571–1,721 Quercus aliena
var.
acuteserrata
forest

9.0 ± 0.3e 854 ± 9b 0.80 ± 0.37b 0.36 ± 0.20b 37.0 ± 5.4c 1,337 ± 249ab Hapli-Udic
Argosols

2,075–2,193 Quercus
liaotungensis
forest

6.6 ± 0.3d 890 ± 2c 1.16 ± 0.31b 0.55 ± 0.14b 33.3 ± 3.9bc 1,647 ± 411ab Hapli-Udic
Argosols

2,423–2,458 Betula
albo-sinensis
forest

5.1 ± 0.1c 890 ± 0c 1.31 ± 0.11b 0.65 ± 0.06b 13.4 ± 4.3a 556 ± 315a Hapli-Udic
Argosols

2,819–2,945 Abies fargesii
forest

3.0 ± 0.3b 863 ± 7b 1.05 ± 0.28b 0.62 ± 0.10b 23.9 ± 5.9ab 1,920 ± 730b Acid-Udic
Cambisols

3,120–3,175 Larix chinensis
forest

1.6 ± 0.1a 828 ± 4a 0a 0a 20.0 ± 6.2a 853 ± 311ab Acid-Udic
Cambisols

Results are means ± standard deviations for n = 3. Different lowercase letters indicate a significant difference among sites (p < 0.05). Soil was classified according to the
Chinese genetic soil classification. MAT, mean annual temperature; MAP, mean annual precipitation; Tree basal area, the sum of breast-height basal areas of trees.
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3 h at 105◦C with occasional shaking. The organic C in
this second hydrolyzate was taken as labile pool II (LPII),
and C in the residue was measured as recalcitrant pool
(RP). The relative abundances of LPI, LPII, and RP were
calculated as the ratio of SOC in each pool to the total SOC.
Among the three fractions, LPI; is known to predominantly
contain carbohydrates such as polysaccharides, hemicellulose,
and soluble sugars; LPII is largely cellulose; and RP is mainly
composed of aromatic C fractions (Oades et al., 1970). Total
organic C (TOC) contents in the hydrolyzates were measured
using a TOC Analyzer (Vario TOC, Elementar, Langenselbold,
Germany). Organic C contents in the solid residues were then
determined with an elemental analyzer (Thermo Fisher Flash
2000, United States).

Soil pH was measured with a calomel electrode on
a paste of 1:2.5 (weight:volume) of air-dried soil and
deionized water. Soil texture was determined with a
laser particle size analyzer (Mastersizer 3000, Malvern
Panalytical, Malvern, United Kingdom). The amount
of poorly crystalline Fe and Al oxides was determined
by extraction with acid ammonium oxalate at pH 3 in
the dark (oxalate extraction, Feo and Alo). Fe and Al
concentrations in the extractions were quantified by
plasma atomic emission spectrometry (Optima 8000DV,
PerkinElmer, Waltham, MA, United States). The mole ratio
of poorly crystallized Fe and Al to SOC (Mo:SOC) was
applied to represent soil C availability, with a high Mo:SOC
ratio representing low C availability (Gentsch et al., 2018;
Chen et al., 2019).

Soil Bacterial Communities
Soil genomic DNA was extracted from 0.5 g of fresh soil
samples using a MoBio PowerSoil DNA Isolation extraction
kit (MoBio Laboratories, Carlsbad, CA, United States). The
extracted DNA samples were diluted to 10 ng µl−1 for further
use. The V4–V5 region of prokaryotic 16S rRNA gene primer
pairs 515F (5′-GTGYCAGCMGCCGCGGTA-3′)/909R (5′-
CCCCGYCAATTCMTTTRAGT-3′) with barcodes were selected
for PCR amplification. The PCR program for 16S rRNA gene
included initial denaturation at 94◦C for 3 min, followed by
30 cycles of 94◦C for 40 s, 56◦C for 60 s, and 72◦C for 60 s,
and a final extension at 72◦C for 10 min. Three replicate
PCR products for each sample were combined and loaded
in 1.0% agarose gel electrophoresis. The correct bands were
excised and purified with gel extraction kits (Sangon Biotech,
Shanghai, China; Cat#SK8135). Sequencing was conducted
using an Illumina (San Diego, CA, United States) MiSeq
platform for sequencing (Reagent Kit V2) on the Environmental
Genome Platform of Chengdu Institute of Biology, CAS.
In total, 1,180,008 raw sequences were generated, and the
average sequencing depth ranged from 10,161 to 38,950
reads per sample.

Sequence data were spliced with FLASH and sorted by
barcodes (Magoč and Salzberg, 2011). Barcoded sequences with
length < 200 bp and average Phred quality scores < 30
were culled. Chimeras were removed using UCHIME algorithm
implemented in USEARCH (version 8) with database SILVA

v128 (version SSU1) for 16S rRNA gene. QIIME V1.9.02 was
used to analyze sequencing data after splicing and quality
control. Sequences were classified taxonomically using the
Ribosomal Database Project (version 2.23) database. Clustering
of operational taxonomic units (OTUs) at 97% similarity was
performed with the open-reference OTU picking method.
Sequences classified as mitochondria or chloroplast were
removed. Sequences for each sample were subsampled to the
same sequence depth (7,908 reads) to ensure comparability
among samples. Representative sequences were aligned by
using PyNAST software in QIIME (Caporaso et al., 2010).
Then gaps were filtered with the default parameters in
script filter_alignment.py. Phylogenetic maximum likelihood-
approximation tree was reconstructed using the generalized
time-reversible model in FastTree (Price et al., 2009). The
raw sequencing data were archived at the National Center
for Biotechnology Information4, in the Sequence Read Archive
(SRA) database (accession number PRJNA574939).

Statistical Analysis
The OTU Table generated in QIIME was used to quantify the
OTU richness (observed OTUs), α-diversity (Shannon’s index
and Faith’s phylogenetic diversity) and β-diversity (weighted
UniFrac pairwise distances between samples). Non-metric
multidimensional scaling (NMDS) ordinations were used to
visualize the weighted UniFrac pairwise distances matrices
among elevations and soil layers using the “vegan” (Oksanen
et al., 2019) and “ggplot2” packages (Wickham, 2016) in R5.

The differences in MAT, MAP, basal area of trees, tree density,
Shannon’s index, and Simpson’s index of trees, and soil properties
in each layer among the five sites were compared by one-way
analyses of variance (ANOVAs) with Tukey’s honestly significant
difference (HSD) as post hoc comparisons. When considering
the effects of elevation and soil layer on soil properties, bacterial
α-diversity, and the relative abundance of bacterial dominant
phyla, linear mixed-effects models were employed in R “lme4”
package (Bates et al., 2015) with sampling site (i.e., five forest
sites) and soil layer as fixed-effect factors and the sampling
plot as a random-effect factor to account for non-independence
of samples collected in different soil layers. Permutational
multivariate analysis of variance (PerMANOVA) was employed
in Past 3 software to determine the influence of elevation and soil
layer on bacterial β -diversity.

We further analyzed the elevational patterns of soil bacterial
communities in different soil layers. Soils from mineral A, AB,
and B layers were considered as surface soil, subsurface soil, and
deep soil, respectively. In Q. aliena forest and Q. liaotungensis
forest, the B layer was collected as two sublayers (B1 and
B2 layers). Since soil physico-chemical properties and bacterial
community structure were similar between B1 and B2 layers
in the two forests; B2 soils were used to represent deep layer

1https://www.arb-silva.de/
2http://qiime.org/tutorials/tutorial.html
3http://sourceforge.net/projects/rdp-classifier/
4https://www.ncbi.nlm.nih.gov/
5http://www.rproject.org/
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soils. In this way, a total of 45 soil samples (5 sites × 3
plots × 3 layers) were used for later statistical analyses. In each
layer, linear and non-linear (polynomial) regressions were used
to analyze the relationships between bacterial α-diversity and
elevation. Spearman’s and partial Spearman’s correlations were
used to analyze the correlations between bacterial α-diversity,
relative abundance of bacterial dominant taxa, and the measured
environmental variables in R “psych” (Revelle, 2021) and “ppcor”
(Kim, 2015) packages. Mantel and partial Mantel tests at 999
permutations were further used to determine the impact of
the measured environmental variables (Euclidean distance) on
bacterial β-diversity in PASSaGE 2 software. p-Values of these
correlation analyses were adjusted for multiple testing according
to the Benjamini and Hochberg (1995) method. Since geographic
distances among sites are highly correlated with elevation (or
MAT) (p < 0.001), the effect of geographic distance was not
considered and discussed.

To assess the relative contributions of environmental variables
to the variance of soil bacterial composition along the elevational
gradient, a variation partitioning method based on constrained
and partial canonical ordination techniques was adopted using
the “vegan” package (Oksanen et al., 2019) in R. Three
groups of explanatory factors (climate conditions, vegetation
properties, and soil properties) were summarized for variation
partitioning to assess their contributions to the variance of soil
bacterial community. Three groups of soil properties (pH, soil
C availability, and soil C fractions) were further summarized for
variation partitioning to assess the contributions of different soil
properties to the variance of soil bacterial community.

RESULTS

Vegetation and Soil Properties Along the
Elevational Gradient
The sum of basal area of trees followed a decreasing trend with
elevation (r = −0.579, p = 0.024, Table 1 and Supplementary
Table 2). Tree density had no significant correlation with
elevation (r = −0.239, p = 0.390), but A. fargesii forest had a
significant higher tree density than B. albo-sinensis forest. Tree
diversity and richness in the highest elevation site (L. chinensis
forest) were significantly lower than in the other four sites.

Soil physico-chemical properties were significantly affected by
elevation, soil layer, or their interaction effects (Table 2). In the
surface layer, SOC, TN, C:N ratio POC%, and RP% showed an
increasing trend with elevation; and Mo:SOC ratio and LPI%
showed an opposite trend (Supplementary Table 2). The soils
at the medium elevation site (2,423–2,458 m a.s.l.) had the
highest percentage of sand particles. In the subsurface layer, only
pH showed an increasing trend with elevation (Supplementary
Table 3). In the deep layer, SOC, TN, C:N ratio, and SIN showed
an increasing trend with elevation (Supplementary Table 4).
In addition, SOC, TN, C:N, Mo:SOC, RP%, and LPI% were
correlated with each other in the surface layer (Supplementary
Table 2). In the deep layer, SOC, TN, and Mo:SOC were
correlated with each other but showed no significant correlations
with RP% and LPI% (Supplementary Table 4). Soil pH had

no significant correlations with other soil physico-chemical
properties in either layer.

Soil organic carbon, TN, C:N ratio, clay particle, POC%,
and RP% decreased from surface soil to deep soil, while LPI;%,
pH, Mo:SOC ratio, and sand particle showed an opposite
trend (Table 2).

Soil Bacterial Community in Relation to
Elevation and Soil Layer
The richness (represented by observed OTUs) and α-diversity
(represented by Shannon’s diversity and Faith’s phylogenetic
diversity) of soil bacterial communities differed among elevation
sites and soil layers (Supplementary Table 5). In the surface
layer, the three indices in the lowest elevation site (1,571–
1,721 m a.s.l.) were lower than those in the other elevation
sites. In the subsurface layer, the three indices were all
similar among the five elevation sites. In the deep layer,
soils in the medium elevation site (2,423–2,458 m a.s.l.)
had the highest bacterial richness and α-diversity. Overall,
the three indices showed no significant linear correlations
with elevation in each layer but showed significant hump-
shaped trends with elevation in the surface and deep
layers (Figure 1).

Non-metric multidimensional scaling was conducted to reflect
bacterial β-diversity among experimental groups (Figure 2 and
Supplementary Figure 2). Bacterial community composition
differed significantly across the five elevation sites and soil
layers (PerMANOVA, elevation, p < 0.001; layer, p < 0.001).
Surface soils showed a larger variation in bacterial community
composition than the deeper soils. Elevation (i.e., MAT) was
significantly correlated with soil bacterial β-diversity in each soil
layer (Table 3).

The main bacterial taxa (relative abundance > 3%) were
Acidobacteria, Actinobacteria, AD3, Alpha-proteobacteria, Beta-
proteobacteria, Bacteroidetes, Chloroflexi, Delta-proteobacteria,
Gamma-proteobacteria, Gemmatimonadetes, Nitrospirae, and
Planctomycetes (Figure 3). The relative abundances of some
main bacterial taxa were significantly affected by elevation, soil
layer, and their interaction effect (Supplementary Table 5). In
the surface layer, the relative abundances of Acidobacteria and
Delta-proteobacteria in the lowest elevation site (1,571–1,721 m
a.s.l.) were significantly higher than those in the highest elevation,
while the relative abundances of Chloroflexi, Actinobacteria,
Bacteroidetes, and Beta-proteobacteria in the lowest elevation site
(1,571–1,721 m a.s.l.) were significantly lower than those in the
other elevation sites (Figure 3). All these six bacterial taxa showed
significant hump-shaped trends with elevation (Figure 3). The
relative abundances of Planctomycetes showed a decreasing
trend, and Gemmatimonadetes showed an increasing trend with
elevation. In the subsurface and deep layers, the differences in the
relative abundances of these taxa among elevation sites decreased
or even disappeared, except for AD3. The relative abundance of
AD3 in the highest elevation site (3,120–3,175 m a.s.l.) was higher
than that in the other sites in the subsurface and deep layers.
In the deep layer, most of the bacterial taxa showed significant
hump-shaped trends with increased elevation (Figure 3).
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TABLE 2 | Key properties of the soil samples taken from the five forest types along the northern slope of Taibai Mountain.

Elevation
(m a.s.l.)

Layer Depths
(cm)

SOC
(mg g−1

d.w.)

TN
(mg g−1

d.w.)

C:N SIN
(µg g−1

d.w.)

POC
(%)

LPI
(%)

LPII
(%)

RP
(%)

Mo:SOC Clay
(%)

Sand
(%)

pH

1,571–1,721 A 0–15 18.3 ± 8.1 1.4± 0.6 13.3 ± 0.4 2.7± 0.5 23.2± 12.6 29.3 ± 3.3 11.7 ± 1.7 59.0 ± 5.0 0.10± 0.03 13.8 ± 0.8 28.6 ± 4.3 5.1 ± 0.2

AB 15–30 9.3 ± 7.0 0.8± 0.6 11.4 ± 1.2 2.3± 0.7 14.2 ± 6.5 30.4 ± 6.6 11.3 ± 0.5 58.3 ± 6.1 0.20± 0.11 13.3 ± 2.5 31.0 ± 8.9 5.4 ± 0.3

B1 30–50 5.6 ± 4.5 0.5± 0.4 10.9 ± 0.3 1.4± 0.3 9.0 ± 5.2 38.0± 12.1 10.5 ± 1.5 51.5± 13.4 0.41± 0.26 12.4 ± 3.8 33.2± 11.7 5.7 ± 0.3

B2 50–79 3.6 ± 1.7 0.4± 0.2 9.7 ± 0.3 0.8± 0.1 8.6 ± 3.8 40.8 ± 4.7 10.9 ± 1.5 48.3 ± 5.6 0.51± 0.16 14.2 ± 3.0 28.9 ± 6.8 5.6 ± 0.4

2,075–2,193 A 0–15 32.2 ± 0.8 2.6± 0.1 12.2 ± 0.1 2.3± 0.5 24.5 ± 4.7 23.2 ± 1.2 11.9 ± 1.4 64.9 ± 2.3 0.06± 0.01 15.2 ± 2.1 26.5 ± 1.9 6.2 ± 0.4

AB 15–34 18.9 ± 6.5 1.8± 0.5 10.3 ± 1.1 1.8± 0.4 14.1 ± 1.1 29.4 ± 2.1 14.3 ± 2.5 56.3 ± 0.8 0.12± 0.05 16.0 ± 0.7 27.4 ± 2.5 5.9 ± 0.5

B1 34–57 13.5 ± 0.8 1.3± 0.0 10.2 ± 0.4 1.4± 0.4 8.5 ± 2.4 35.1 ± 3.8 14.6 ± 3.6 50.3 ± 6.1 0.16± 0.01 16.1 ± 0.6 25.7 ± 0.4 6.1 ± 0.2

B2 57–95 6.1 ± 3.4 0.6± 0.3 10.0 ± 1.2 1.2± 0.1 6.7 ± 2.8 42.0 ± 3.1 14.9 ± 2.6 43.1 ± 2.2 0.32± 0.11 13.8 ± 2.1 31.5 ± 9.8 6.2 ± 0.3

2,423–2,458 A 0–18 60.4± 27.8 4.5± 1.7 13.2 ± 1.2 3.3± 1.4 27.6± 24.4 22.7 ± 3.2 9.8 ± 1.0 67.5 ± 3.4 0.04± 0.02 12.3 ± 2.6 40.0± 11.8 6.3 ± 0.3

AB 18–33 27.5± 20.4 2.4± 1.7 11.4 ± 0.3 2.7± 1.0 10.5 ± 4.6 32.8 ± 5.1 12.3 ± 2.0 54.9 ± 7.0 0.10± 0.05 11.0 ± 2.8 45.2± 11.0 6.4 ± 0.3

B 33–71 9.0 ± 4.3 0.8± 0.4 11.7 ± 1.1 1.3± 0.4 6.7 ± 2.5 42.8 ± 4.2 12.9 ± 1.0 44.2 ± 5.0 0.21± 0.05 8.5 ± 3.4 51.8± 11.1 6.6 ± 0.2

2,819–2,945 A 0–17 78.2± 22.4 5.2± 1.2 15.0 ± 1.1 2.8± 0.7 37.2± 10.3 19.4 ± 1.3 13.0 ± 1.2 67.6 ± 2.1 0.04± 0.01 17.1 ± 1.1 21.7 ± 2.2 6.0 ± 0.7

AB 17–34 36.0± 13.9 2.9± 1.0 12.5 ± 0.8 1.6± 0.3 14.3 ± 4.1 30.1 ± 4.4 16.3 ± 2.8 53.6 ± 4.3 0.10± 0.03 17.3 ± 0.8 21.3 ± 1.6 6.1 ± 0.7

B 34–61 13.0 ± 2.6 1.2± 0.2 11.1 ± 0.6 1.1± 0.2 6.8 ± 1.4 37.3 ± 6.5 14.7 ± 3.4 48.1 ± 3.1 0.23± 0.03 16.6 ± 1.9 20.4 ± 3.1 6.4 ± 0.4

3,120–3,175 A 0–17 134.1± 49.7 7.6± 1.9 17.3 ± 2.4 3.0± 1.3 47.4± 12.9 20.9 ± 4.4 8.4 ± 1.5 70.7 ± 5.8 0.03± 0.01 14.1 ± 0.3 28.3 ± 3.6 5.9 ± 0.3

AB 17–40 19.5 ± 7.6 1.6± 0.7 12.0 ± 1.5 2.6± 0.8 4.7 ± 2.9 37.8 ± 4.7 11.4 ± 0.4 50.9 ± 4.8 0.21± 0.06 9.8 ± 1.4 45.7 ± 6.5 6.3 ± 0.1

B 40–72 11.6 ± 2.4 0.9± 0.2 12.5 ± 1.0 1.5± 0.2 2.9 ± 0.8 51.0 ± 5.7 10.0 ± 0.4 39.0 ± 6.0 0.35± 0.10 9.5 ± 0.9 48.6 ± 3.8 6.4 ± 0.1

p-value of the LMMs

Elevation <0.001 <0.001 <0.001 0.207 0.728 0.102 0.003 0.883 0.011 <0.001 <0.001 <0.001

Layer <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Elevation × Layer <0.001 <0.001 0.002 0.344 <0.001 0.002 0.008 <0.001 0.011 0.001 <0.001 0.376

Results are means ± standard deviations for n = 3. The bottom half of the table shows the effects of forest type and soil layer on the parameters by using linear mixed models (LMMs). Numbers in bold indicate significant
effects with p < 0.05. d.w., dry weight of soil; SIN, soil inorganic nitrogen (NH4

+ + NO3
−); POC, particulate soil organic carbon; LPI, labile carbon pool I; LPII, labile carbon pool II; RP, recalcitrant carbon pool; Mo:SOC,

mole ratio of poorly crystallized Fe and Al to SOC.
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FIGURE 1 | Soil bacterial community richness and α-diversity along the elevational gradient. (A) Observed operational taxonomic units (OTUs), (B) Shannon’s
diversity, and (C) Faith’s phylogenetic diversity. Lines in each plot represent the least squares regression fits. OTUs, operational taxonomic units.

At the class level, Chloracidobacteria, DA052,
Thermoleophilia, Acidobacteriia, Nitrospirae, Saprospirae,
Actinobacteria, iii1-8, Ellin6529, ABS-6, Planctomycetia,
Solibacteres, Acidobacteria-6, and Gemm-1 were the main
taxa (relative abundance > 2%, Supplementary Figure 3). The
bacterial taxa at the class level have similar elevational patterns
with their corresponding phyla except for Chloracidobacteria,
iii1-8, Acidobacteria-6, and Actinobacteria, which showed
contrasting trends (Supplementary Figure 3).

Soil Bacterial Diversity in Relation to
Environmental Variables
In the surface layer, we only found a slight correlation between
pH and Shannon’s index of bacterial community (Table 4). In
the subsurface layer, bacterial α-diversities were only slightly
correlated with Mo:SOC, while deep soil bacterial α-diversities
were significantly correlated with MAP, Shannon’s index of
trees, LPII%, Mo:SOC, and pH. Partial correlation analysis
was performed for the five variables in the deep layer, and
pH and LPII% were identified as the significant variables
(Supplementary Table 6).

Mantel test showed that soil bacterial β-diversities were
significantly associated with MAT, basal area of trees, Mo:SOC,
and pH for each soil layer (Table 3). Surface soil β-diversities

were also significantly correlated with LPI% and RP%, while deep
soil bacterial β-diversities were significantly correlated with tree
diversity, soil C content, and POC%. Partial Mantel test further
verified the significant associations of MAT and pH with soil
bacterial β-diversities in the surface and subsurface layers. In
the deep layer, soil bacterial β-diversities had significant partial
correlations with MAT, tree diversity and density, SIN, LPI%, and
Mo:SOC, but not with soil pH.

Soil Bacterial Composition in Relation to
Environmental Variables
Correlation analysis revealed that the relative abundances of the
dominant taxa were associated with specific climate conditions,
vegetation, and soil properties (Figure 4). In the surface layer, the
relative abundances of Delta-proteobacteria and Planctomycetes
were positively associated with MAT and Mo:SOC and negatively
associated with SOC, TN, and RP%. The relative abundances
of Gemmatimonadetes, Chloroflexi, and Actinobacteria were
negatively associated with MAT and Mo:SOC and positively
associated with SOC and TN. Gemmatimonadetes were further
positively associated with C:N, POC%, and RP% and negatively
associated with LPI%. Soil pH was negatively correlated
with Acidobacteria and positively correlated with Nitrospirae
and Bacteroidetes.
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FIGURE 2 | Non-metric multidimensional scaling (NMDS) of soil bacterial community based on weighted UniFrac distances derived from OTU composition. OTUs,
operational taxonomic units.

Compared with those in the surface layer, the relative
abundances of these main bacterial taxa in the subsurface
and deep layers showed much weaker correlations with the
environmental parameters. SOC, TN, C:N, and Mo:SOC showed
little relationships with the relative abundances of the dominant
bacterial taxa. In the subsurface layer, pH was slightly correlated
with Acidobacteria, Chloroflexi, and Nitrospirae. In the deep
layer, soil pH was only significantly correlated with the
relative abundance of Acidobacteria and Beta-proteobacteria.
In addition, Delta-proteobacteria and Planctomycetes were
significantly correlated with parameters associated with soil C
fractions (POC%, LPI%, LPII%, or RP%) in the deep layer.

At the class level, soil pH was significantly correlated
with multiple taxa (belonging to Acidobacteria, Actinobacteria,
Bacteroidetes, and Nitrospirae) in the surface and subsurface
layers, but these relationships became much weaker or even
disappeared in the deep layer (Supplementary Figure 4). SOC
properties were significantly correlated with Acidimicrobiia
(belonging to Actinobacteria), TK10 (belonging to Chloroflexi),
and Gemm-1 (belonging to Gemmatimonadetes).

Variation partitioning was further applied to assess the relative
contributions of climate condition, vegetation properties, and
soil properties to the variance of soil bacterial community

composition in each soil layer. The explained variances
were 71, 56, and 61% in the surface, subsurface, and deep
layers, respectively (Supplementary Figure 5). The variances
of bacterial community compositions were explained by the
combined effects of these factors, and soil properties contributed
the most to the variances in all the three layers. To assess
the effects of soil properties on soil bacterial community
composition, we further separated soil properties into three
groups (pH, soil C availability, and soil C fractions) to
assess their corresponding contributions. Soil pH, soil C
availability, and soil C fractions could explain 74, 36, and
55% of the variance of bacterial community composition
in the surface, subsurface, and deep layers, respectively
(Figure 5). In the surface and subsurface layers, only soil
pH showed significant effects and contributed most to the
variance of bacterial community composition. In the deep
layer, soil C fractions showed significant effects and contributed
most to the variance of bacterial community composition,
and the explanatory power of soil pH became insignificant.
When climate conditions or vegetation properties were co-
analyzed with the three group soil properties (Supplementary
Figures 6, 7), the explained variances changed little in all
the three layers.
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TABLE 3 | Mantel and partial Mantel tests of soil bacterial β-diversity with environmental parameters.

Parameters Surface layer Subsurface layer Deep layer

Mantel Partial Mantel Mantel Partial Mantel Mantel Partial Mantel

MAT 0.580* 0.393* 0.648** 0.433** 0.595* 0.524*

MAP 0.016 −0.047 0.272 0.239 0.212 −0.167

Div −0.100 −0.01 0.136 −0.064 0.344* 0.346*

TD −0.128 0.063 −0.149 −0.084 −0.313 −0.311

BA 0.346* 0.055 0.273 0.031 0.282 −0.146

SOC 0.115 −0.144 0.120 −0.232 0.291* 0.074

Mo:SOC 0.695* 0.424 0.260 0.024 0.591* 0.396

C:N −0.108 0.057 0.067 0.063 0.193 −0.041

TN 0.298 0.026 0.179 0.263 0.204 −0.108

SIN −0.096 0.069 −0.223 −0.236 0.157 −0.317

POC% −0.020 −0.123 0.072 0.224 0.454* 0.163

RP% 0.484* 0.153 0.006 −0.018 0.028 0.263

LPI% 0.577* 0.081 0.018 −0.006 −0.055 −0.317

LPII% −0.047 0.07 −0.041 0.172 0.089 0.285

pH 0.630* 0.708* 0.482** 0.592** 0.504* 0.218

Clay −0.139 −0.071 −0.071 −0.145 0.028 0.238

Sand −0.109 0.121 −0.084 0.123 −0.025 −0.04

Dissimilarity matrices of environmental characteristics were calculated based on Euclidean distances. β-Diversity of bacterial community was calculated based on weighted
UniFrac distances. Numbers in bold indicate significant relationships at p < 0.1. *p < 0.05; **p < 0.01. p-Values were corrected for multiple testing using the Benjamini
and Hochberg method. MAT, mean annual temperature; MAP, mean annual precipitation; Div, Shannon’s index of trees; BA, the sum of breast-height basal areas of trees;
TD, tree density; SIN, soil inorganic nitrogen (NH4

+ + NO3
−); POC%, proportion of particulate organic carbon in SOC; LPI%, proportion of labile carbon I in SOC; LPII%,

proportion of labile carbon II in SOC; RP% proportion of recalcitrant carbon in SOC; Mo:SOC, mole ratio of poorly crystallized Fe and Al to SOC.

DISCUSSION

Effects of pH in Shaping Bacterial
Diversity and Composition
Soil bacterial diversity and composition were highly associated
with soil pH in both surface and deeper layers and were consistent
with previous studies that have shown that pH was a predictor
of soil bacterial community structure (Lauber et al., 2009; Shen
et al., 2013; Cho et al., 2018; Qi et al., 2018). Bacterial α-diversity
was higher in soils close to neutral pH in the medium elevation
and showed a hump-shaped relationship with elevation, which
supported our first hypothesis. Previous studies have shown
that most bacteria taxa have intracellular pH levels close to
neutral and that acidic pH conditions will impose strong selective
pressures to microbial communities, resulting in specialized
lineage loss (Tripathi et al., 2012, 2018). In contrast, neutral
pH environments will weaken niche-based exclusion, and the
adapted lineages will accumulate in neutral pH environments,
resulting in greater diversity.

Since low pH conditions impose a significant physiological
constraint on soil microbes, some taxa may tolerate it better and
dominate in soils if soil pH falls outside a certain range (Lauber
et al., 2009). Conversely, some other taxa are unable to survive
and have reduced growth, resulting in the transition of bacterial
composition. Class-level taxa of Acidobacteria, Actinobacteria,
and Bacteroidetes showed stronger correlations with soil pH
than other taxa (Figure 4 and Supplementary Figure 4). These
results were consistent with previous studies that have shown
that Acidobacteria can tolerate an acid environment and that

Actinobacteria and Bacteroidetes are more vulnerable to the
changes of soil pH (Lauber et al., 2009; Tripathi et al., 2012;
Yang et al., 2018).

A higher temperature together with a humid climate could
enhance chemical weathering and leaching, which caused the
lowest soil pH in the lowest elevation site (1,571–1,721 m a.s.l.).
The coniferous forest in the higher elevation also showed a
decreased soil pH due to acidic chemical components (Burgess-
Conforti et al., 2019). Thus, soil pH in the medium elevation
was close to neutral and consequentially led to the highest
bacterial diversity. The lowest soil pH in Q. aliena forest
also made bacterial communities differ significantly from those
in other forests.

Effects of Soil Organic Carbon
Properties in Shaping Bacterial Diversity
and Composition
Mo:SOC ratio has been proposed as an important indicator of C
availability due to the strong chemical association between SOC
and poorly crystallized Fe and Al oxides (Gentsch et al., 2018;
Chen et al., 2019). LPII% represents the relative abundance of
labile C in total SOC, indicating the pool size of the available
C sources (Oades et al., 1970). Since most soil microorganisms
rely on SOC decomposition to obtain energy, low content and
recalcitrant C sources would limit the survival and maintenance
of microorganisms and consequently the community diversity
(Delgado-Baquerizo et al., 2016; Ren C. et al., 2018b; Tian et al.,
2018). It is notable that the significant effect of available C
sources on diversity was not observed in the surface layer where
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FIGURE 3 | Relative abundances of the dominant bacterial taxa along the elevational gradient. (A) Acidobacteria, (B) Delta-proteobacteria, (C) Planctomycetes,
(D) Gemmatimonadetes, (E) Chloroflexi, (F) Nitrospirae, (G) AD3, (H) Actinobacteria, (I) Alpha-proteobacteria, (J) Bacteroidetes, (K) Beta-proteobacteria,
(L) Gamma-proteobacteria. Lines in each plot represent the least squares regression fits.

SOC was relatively rich. According to the global data from all
continents, Delgado-Baquerizo et al. (2016) also found a stronger
relationship between C content and bacterial diversity under low
C conditions than under rich C conditions. These results suggest
that SOC properties may only affect the diversity of bacteria in
C-poor situations.

Soil C availability and soil C fractions can also affect bacterial
composition due to different life strategies and resource
preferences of particular bacterial taxa (Ding et al., 2015;
Delgado-Baquerizo et al., 2016; Tian et al., 2018; Shao et al., 2019).
The dominant taxa at the genus level belonging to Acidobacteria,
Delta-proteobacteria, Planctomycetes, Gemmatimonadetes,
Chloroflexi, and Nitrospirae have a lower rRNA operon copy

number (Supplementary Table 7), while taxa at the genus
level belonging to Actinobacteria, Bacteroidetes, Firmicutes,
and Beta- and Gamma-proteobacteria have a higher rRNA
operon copy number, suggesting their relatively oligotrophic
and copiotrophic life strategies, respectively (Nemergut et al.,
2016; Roller et al., 2016). Similarly, Acidobacteria, Delta-
proteobacteria, Planctomycetes, Gemmatimonadetes, and
Chloroflexi have been generally classified as oligotrophic
bacterial taxa and dominate in soils with lower C availability,
while Actinobacteria, Bacteroidetes, Beta-proteobacteria, and
Gamma-proteobacteria are classified as copiotrophic bacterial
taxa and flourish in soils with greater C pools (Fierer et al., 2007;
DeBruyn et al., 2011; Yao et al., 2017; Razanamalala et al., 2018;
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TABLE 4 | Spearman’s rank correlations between soil bacterial richness and diversity (Shannon’s diversity and phylogenetic diversity) and environmental parameters.

Parameters Surface layer Subsurface layer Deep layer

Observed
OTUs

Shannon’s
diversity

Faith’s
PD

Observed
OTUs

Shannon’s
diversity

Faith’s
PD

Observed
OTUs

Shannon’s
diversity

Faith’s
PD

Elevation 0.275 0.371 0.096 0.014 −0.086 0.093 −0.118 −0.136 −0.196

MAT −0.275 −0.371 −0.096 −0.014 0.086 −0.093 0.118 0.136 0.196

MAP 0.366 0.413 0.549 0.379 0.345 0.313 0.786** 0.665* 0.801**

Div 0.258 0.315 0.366 0.498 0.538 0.380 0.703* 0.584 0.642*

TD −0.111 −0.061 0.288 −0.061 0.029 0.023 −0.08 −0.175 −0.182

BA −0.425 −0.386 −0.146 −0.300 −0.218 −0.321 −0.282 −0.304 −0.261

SOC 0.221 0.304 0.004 0.368 0.343 0.425 −0.064 −0.204 −0.171

Mo:SOC −0.143 −0.175 0.096 −0.629 −0.646 −0.571 −0.639* −0.439 −0.561

C:N −0.261 −0.264 −0.511 −0.189 −0.207 −0.146 −0.102 −0.089 −0.104

TN 0.221 0.304 0.004 0.436 0.432 0.486 −0.014 −0.161 −0.136

SIN 0.232 0.282 0.011 0.525 0.550 0.414 0.243 0.189 0.279

POC% 0.032 0.107 −0.179 −0.277 −0.161 −0.324 0.136 0.086 0.129

RP% 0.171 0.250 0.043 0.150 0.189 0.107 −0.100 −0.254 −0.136

LPI% −0.171 −0.325 −0.179 −0.239 −0.254 −0.243 −0.239 −0.046 −0.175

LPII% −0.036 0.068 0.314 0.096 0.061 0.182 0.847** 0.744* 0.745*

pH 0.384 0.563 0.540 0.439 0.336 0.554 0.618 0.636* 0.543

Clay 0.107 0.050 0.286 −0.143 −0.075 −0.061 −0.218 −0.396 −0.311

Sand 0.198 0.080 −0.050 0.296 0.211 0.218 0.254 0.350 0.364

Dissimilarity matrices of the environmental characteristics were calculated based on Euclidean distances. Numbers in bold indicate significant relationships at p < 0.1.
*p < 0.05; **p < 0.01. p-Values were corrected for multiple testing using the Benjamini and Hochberg method. MAT, mean annual temperature; MAP, mean annual
precipitation; Div, Shannon’s index of trees; BA, the sum of the breast-height basal areas of trees; TD, tree density; SIN, soil inorganic nitrogen (NH4

+ + NO3
−); POC%,

proportion of particulate organic carbon in SOC; LPI%, proportion of labile carbon I in SOC; LPII%, proportion of labile carbon II in SOC; RP% proportion of recalcitrant
carbon in SOC; Mo:SOC, mole ratio of poorly crystallized Fe and Al to SOC.

Brewer et al., 2019). The transition from low to high soil
C availability could explain the transition from abundant
oligotrophic Delta-proteobacteria and Planctomycetes to
abundant copiotrophic Actinobacteria along the elevational
gradient. In addition, the abundances of oligotrophic
Gemmatimonadetes and Chloroflexi were positively correlated
with soil C availability for surface soils, which was contrary to
what their life strategies would predict. Previous studies have
also suggested that Gemmatimonadetes and Chloroflexi can
degrade recalcitrant compounds (Wilms et al., 2006; Pascault
et al., 2013; Chen et al., 2015; Deng et al., 2019). In this
study, Gemmatimonadetes (Gemm-1 at the class level) and
Chloroflexi (TK10 at the class level) were positively correlated
with RP% (i.e., aromatic C fraction), which suggests that resource
preferences can partly explain the variations in the abundances
of Gemmatimonadetes and Chloroflexi.

In the deep layer, the relative abundances of the main taxa had
little correlations with soil C availability but showed significant
correlations with parameters associated with soil C fractions
(Figure 4 and Supplementary Figure 4). Previous studies have
found that Acidobacteria and Delta-proteobacteria can degrade
more recalcitrant substrates (Pascault et al., 2013; Chen et al.,
2015), while Planctomycetes can degrade chitin and utilize
N-acetylglucosamine as a sole C source (Ivanova et al., 2018;
Ravin et al., 2018). The significant correlations between LPI%
(or LPII%) and the relative abundances of these taxa suggest that
resource preferences could explain the transitions of these taxa
along the elevational gradient in the deep layer.

In this study, the low decay conditions (lower temperature
and litter quality) at high elevation could promote soil
C accumulation, especially recalcitrant plant-derived C (i.e.,
lignin) accumulation (Craig et al., 2018). In contrast, the fast
decay conditions (higher temperature and litter quality) at
low elevation could reduce soil C accumulation (Prietzel and
Christophel, 2014) but promote labile microbial-derived C (i.e.,
polysaccharides) accumulation (Yang et al., 2020). In this way,
soils from medium elevations had higher SOC content and
labile C fractions and higher bacterial diversity. The distinct
soil C content and fractions among sites also made microbial
composition differ significantly.

Effects of Vegetation Properties and
Climate on Bacterial Diversity and
Composition
Plant biomass and diversity can regulate bacterial diversity and
composition via the supply of C resource and modification of the
physical microhabitats and environmental conditions (Mitchell
et al., 2010; Prober et al., 2015; Wang et al., 2016; Ren B.
et al., 2018a). MAT and MAP can regulate bacterial diversity and
composition directly via speciation, competition, and dispersal
of microbial communities or indirectly via mediating other
environmental factors (Singh et al., 2014; Delgado-Baquerizo
et al., 2016; Tian et al., 2018). In this study, the indices of
bacterial diversity were significantly correlated with MAP and
tree diversity in the deep soil layer (Table 4). However, the
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FIGURE 4 | Spearman’s rank correlations between the relative abundances of the dominant bacterial taxa and the selected soil properties in the surface soil layer
(A), subsurface soil layer (B), and deep soil layer (C). The correlation coefficients ranging from negative to positive are indicated by color intensity changing from dark
blue to red, as illustrated by the figure legend. MAT, mean annual temperature; MAP, mean annual precipitation; Div, Shannon’s index of trees; BA, the sum of
breast-height basal areas of trees; TD, tree density; SIN, soil inorganic nitrogen (NH4

+ + NO3
−); POC%, proportion of particulate organic carbon in SOC; LPI%,

proportion of labile carbon I in SOC; LPII%, proportion of labile carbon II in SOC; RP% proportion of recalcitrant carbon in SOC; Mo:SOC, mole ratio of poorly
crystallized Fe and Al to SOC. Acido, acidobacteria; δ-pro, delta-proteobacteria; Planc, planctomycetes; Gemma, gemmatimonadetes; Chlor, chloroflexi; Nitro,
nitrospirae; Actin, actinobacteria; α-pro, alpha-proteobacteria; Bacte, bacteroidetes; β-pro, beta-proteobacteria; γ-pro, gamma-proteobacteria. represents a
significant relationship at p < 0.1, *p < 0.05; **p < 0.01; ***p < 0.001. p-Values were corrected for multiple testing using the Benjamini and Hochberg method.

FIGURE 5 | Variation partition analysis of the effects of soil pH, soil C availability, and soil C fractions on soil bacterial community composition in the surface soil layer
(A), subsurface soil layer (B), and deep soil layer (C). Values < 0 are not shown. Significant values (p < 0.05) after 999 permutations are indicated with an asterisk.
Residuals mean the unexplained variation. Soil C availability includes variables of SOC content and the mole ratio of poorly crystallized Fe and Al to SOC (Mo:SOC);
soil C factions include variables of the labile carbon pool I (LPI%) and recalcitrant carbon pool (RP%). SOC, soil organic carbon.

significant correlations disappeared when variations of Mo:SOC,
LPII%, and pH were controlled (Supplementary Table 6). These
results suggest that MAP and tree diversity might indirectly affect
bacterial diversity in the deep layer through their effect on soil
properties, especially SOC factions (Supplementary Table 4).
However, these effects were not observed in the surface layer.
This might be because surface soil can be strongly influenced by
some additional biogeochemical processes such as bioturbation
(Wilkinson et al., 2009), and the effects of vegetation properties
and climate on bacterial diversity might be masked by some other
biotic and abiotic factors.

Variation in soil bacterial composition reflected changes in
vegetation biomass and MAT in all the three soil layers (Table 4),
suggesting that quantity of C source and ecological processes
related to temperature may play an important role in structuring

bacterial biodiversity. In the deep layer, tree diversity also
contributed to the variation of bacterial composition. These
results indicate that climate and vegetation can affect bacterial
communities in the deep soil layer and can potentially affect soil
biogeochemical processes.

Determining Factors of Soil Bacterial
Community Composition
The variances of bacterial community composition were highly
explained by the combined effects of climate conditions,
vegetation properties, and soil properties. Among them, soil
properties contributed the most in all the three soil layers
(Supplementary Figure 5). Inclusion of climate conditions
or vegetation properties in the models with the three group
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of soil properties had little effect on the explanatory power
(Supplementary Figure 6, 7). These results suggest that bacterial
community composition was directly regulated by soil properties,
while climate and vegetation probably regulated bacterial
community composition through their associations with soil pH,
soil C availability, and soil C fractions.

Among the soil properties, pH contributed the most to the
variance of bacterial community composition in the surface and
subsurface soil layers, while soil C fractions contributed the most
to the variance in the deep layer (Figure 5). This result supports
our second hypothesis that driving factors of the elevational
patterns of soil bacterial communities differed across soil layers.
Soil pH has been widely reported as the driving factor of soil
bacterial communities for surface soils (Lauber et al., 2009; Siles
and Margesin, 2016; Xia et al., 2016). Soil pH in the deep layer was
closer to neutral than that in the surface layer (Table 2), which
might decrease the selective pressures and consequently reduce
the effect of pH. The weaker effect of pH was also validated by
the results of the partial Mantel test in the deep layer (Table 3).
In addition, low C availability in the deep layer would limit
the substrate quantity and consequently the substrate diversity
in chemical structures. In this case, the bacterial taxa could be
filtered by the specific types of substrates according to their
resource preferences (Paterson et al., 2008; Di Lonardo et al.,
2017), and the composition of bacterial community was more
driven by soil C fractions. In contrast, when C availability was
high with great substrate diversity in chemical structures (i.e.,
surface layer soils), soil bacterial taxa could utilize various types of
substrates due to their plasticity in C use (Morrissey et al., 2017);
thus, soil C fractions might have a small effect on the composition
of bacterial communities.

It was notable that the sampling sizes (n = 15 for each soil
layer) were relatively small, which might limit the reliability
of our results. A larger number of samples would provide
more concrete results to better understand the elevational
patterns of soil microbial community and the driving factors in
different soil layers.

CONCLUSION

This study demonstrated that soil bacterial diversity and
composition shifted along the elevational gradient in both surface
and deep layers, but the driving factors differed across soil layers.
Soil pH was the main factor determining the elevational patterns
of surface soil bacterial diversity and community composition,

while deep soil bacterial diversity and composition were more
explained by soil C availability and C fractions. Climate and forest
transitions along the elevational gradient could modify soil pH,
C availability, and C fractions, which then drove the variations
in soil bacterial diversity and community composition. These
findings will improve our understanding of the relationships
between soil C cycling and bacterial communities and will
potentially help us better predict soil responses to future
environmental changes.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found in the article/Supplementary
Material.

AUTHOR CONTRIBUTIONS

QT, YW, and FL designed the study. YT and YW conducted
sample collection. QT and YJ performed the experiments
for environmental parameters and data analyses, and drafted
the manuscript. All authors contributed to the final version
of the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (31700462 and 31870465) and the Youth
Innovation Promotion Association CAS (2020338).

ACKNOWLEDGMENTS

We want to thank the Taibaishan National Nature Reserve and
field workers for vegetation investigation and sample collection.
We also want to thank Tibor Drost for the language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.646124/full#supplementary-material

REFERENCES
Bardhan, S., Jose, S., Jenkins, M. A., Webster, C. R., Udawatta, R. P., and Stehn, S. E.

(2012). Microbial community diversity and composition across a gradient of
soil acidity in spruce-fir forests of the southern Appalachian Mountains. Appl.
Soil Ecol. 61, 60–68. doi: 10.1016/j.apsoil.2012.04.010

Bates, D., Mächler, M., Bolker, B. M., and Walker, S. C. (2015). Fitting Linear
Mixed-Effects Models Using lme4. J. Stat. Softw. 67, 1–48. doi: 10.18637/jss.
v067.i01

Benjamini, Y., and Hochberg, Y. (1995). Controlling the False Discovery Rate:
A Practical and Powerful Approach to Multiple Testing. J. R. Stat. Soc. B 57,
289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Brewer, T. E., Aronson, E. L., Arogyaswamy, K., Billings, S. A., Botthoff, J. K.,
Campbell, A. N., et al. (2019). Ecological and Genomic Attributes of Novel
Bacterial Taxa That Thrive in Subsurface Soil Horizons. mBio 10, e01318–
e01319. doi: 10.1128/mBio.01318-19

Bryant, J. A., Lamanna, C., Morlon, H., Kerkhoff, A. J., Enquist, B. J., and Green,
J. L. (2008). Microbes on mountainsides: Contrasting elevational patterns of

Frontiers in Microbiology | www.frontiersin.org 13 July 2021 | Volume 12 | Article 646124

https://www.frontiersin.org/articles/10.3389/fmicb.2021.646124/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.646124/full#supplementary-material
https://doi.org/10.1016/j.apsoil.2012.04.010
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1128/mBio.01318-19
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-646124 July 26, 2021 Time: 18:5 # 14

Tian et al. Soil Properties Drive Bacterial Community

bacterial and plant diversity. Proc. Natl. Acad. Sci. U S A. 105, 11505–11511.
doi: 10.1073/pnas.0801920105

Burgess-Conforti, J. R., Moore, P. A. Jr., Owens, P. R., Miller, D. M., Ashworth,
A. J., Hays, P. D., et al. (2019). Are soils beneath coniferous tree stands more
acidic than soils beneath deciduous tree stands? Environ. Sci. Pollut. Res. 26,
14920–14929. doi: 10.1007/s11356-019-04883-y

Caporaso, J. G., Bittinger, K., Bushman, F. D., DeSantis, T. Z., Andersen, G. L., and
Knight, R. (2010). PyNAST: a flexible tool for aligning sequences to a template
alignment. Bioinformatics 26, 266–267. doi: 10.1093/bioinformatics/btp636

Chen, L., Liu, L., Qin, S., Yang, G., Fang, K., Zhu, B., et al. (2019). Regulation of
priming effect by soil organic matter stability over a broad geographic scale.
Nat. Commun. 10:5112. doi: 10.1038/s41467-019-13119-z

Chen, L., Zhang, J., Zhao, B., Zhou, G., and Ruan, L. (2015). Bacterial community
structure in maize stubble-amended soils with different moisture levels
estimated by bar-coded pyrosequencing.Appl. Soil Ecol. 86, 62–70. doi: 10.1016/
j.apsoil.2014.09.011

Cho, H., Tripathi, B. M., Moroenyane, I., Takahashi, K., Kerfahi, D., Dong, K.,
et al. (2018). Soil pH rather than elevation determines bacterial phylogenetic
community assembly on Mt. Norikura, Japan. FEMS Microbiol. Ecol. 95:fiy216.
doi: 10.1093/femsec/fiy216

Chu, H. Y., Sun, H. B., Tripathi, B. M., Adams, J. M., Huang, R., Zhang, Y. J., et al.
(2016). Bacterial community dissimilarity between the surface and subsurface
soils equals horizontal differences over several kilometers in the western Tibetan
Plateau. Environ. Microbiol. 18, 1523–1533. doi: 10.1111/1462-2920.13236

Craig, M. E., Turner, B. L., Liang, C., Clay, K., Johnson, D. J., and Phillips, R. P.
(2018). Tree mycorrhizal type predicts within-site variability in the storage
and distribution of soil organic matter. Glob. Change Biol. 24, 3317–3330.
doi: 10.1111/gcb.14132

Davinic, M., Fultz, L. M., Acosta-Martinez, V., Calderón, F. J., Cox, S. B., Dowd,
S. E., et al. (2012). Pyrosequencing and mid-infrared spectroscopy reveal
distinct aggregate stratification of soil bacterial communities and organic matter
composition. Soil Biol. Biochem. 46, 63–72. doi: 10.1016/j.soilbio.2011.11.012

de Araujo Pereira, A. P., Maia, de Andrade, P. A., Bini, D., Durrer, A., Robin, A.,
et al. (2017). Shifts in the bacterial community composition along deep soil
profiles in monospecific and mixed stands of Eucalyptus grandis and Acacia
mangium. PLoS One 12:e0180371. doi: 10.1371/journal.pone.0180371

DeBruyn, J. M., Nixon, L. T., Fawaz, M. N., Johnson, A. M., and Radosevich,
M. (2011). Global biogeography and quantitative seasonal dynamics of
Gemmatimonadetes in soil. Appl. Environ. Microbiol. 77, 6295–6300. doi: 10.
1128/AEM.05005-11

Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Trivedi, P., Osanai, Y., Liu, Y.-
R., et al. (2016). Carbon content and climate variability drive global soil bacterial
diversity patterns. Ecol. Monogr. 86, 373–390. doi: 10.1002/ecm.1216

Deng, J., Zhu, W., Zhou, Y., and Yin, Y. (2019). Soil Organic Carbon Chemical
Functional Groups under Different Revegetation Types Are Coupled with
Changes in the Microbial Community Composition and the Functional Genes.
Forests 10:240. doi: 10.3390/f10030240

Di Lonardo, D. P., De Boer, W., Gunnewiek, P. J. A. K., Hannula, S. E., and Van
der Wal, A. (2017). Priming of soil organic matter: Chemical structure of added
compounds is more important than the energy content. Soil Biol. Biochem. 108,
41–54. doi: 10.1016/j.soilbio.2017.01.017

Ding, J., Zhang, Y., Wang, M., Sun, X., Cong, J., Deng, Y., et al. (2015). Soil
organic matter quantity and quality shape microbial community compositions
of subtropical broadleaved forests. Mol. Ecol. 24, 5175–5185. doi: 10.1111/mec.
13384

Djukic, I., Zehetner, F., Tatzber, M., and Gerzabek, M. H. (2010). Soil organic-
matter stocks and characteristics along an Alpine elevation gradient. J. Plant
Nutr. Soil Sc. 173, 30–38. doi: 10.1002/jpln.200900027

Du, B., Kang, H., Pumpanen, J., Zhu, P., Yin, S., Zou, Q., et al. (2014). Soil organic
carbon stock and chemical composition along an altitude gradient in the Lushan
Mountain, subtropical China. Ecol. Res. 29, 433–439. doi: 10.1007/s11284-014-
1135-4

Du, C., Geng, Z., Wang, Q., Zhang, T., He, W., Hou, L., et al. (2017). Variations
in bacterial and fungal communities through soil depth profiles in a Betula
albosinensis forest. J. Microbiol. 55, 684–693. doi: 10.1007/s12275-017-6466-8

Eilers, K. G., Debenport, S., Anderson, S., and Fierer, N. (2012). Digging deeper to
find unique microbial communities: The strong effect of depth on the structure

of bacterial and archaeal communities in soil. Soil Biol. Biochem. 50, 58–65.
doi: 10.1016/j.soilbio.2012.03.011

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological
classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839

Fierer, N., Schimel, J. P., and Holden, P. A. (2003). Variations in microbial
community composition through two soil depth profiles. Soil Biol. Biochem. 35,
167–176. doi: 10.1016/s0038-0717(02)00251-1

Fu, B. (1982). The microclimate characteristics in Taibai Mountain of Qinling
Mountains during Summer season. Acta Geograph. Sin. 37, 88–97. doi: 10.
11821/xb198201010

Gentsch, N., Wild, B., Mikutta, R., Čapek, P., Diakova, K., Schrumpf, M., et al.
(2018). Temperature response of permafrost soil carbon is attenuated by
mineral protection. Glob.Change Biol. 24, 3401–3415. doi: 10.1111/gcb.14316

Ivanova, A. A., Wegner, C.-E., Kim, Y., Liesack, W., and Dedysh, S. N.
(2018). Metatranscriptomics reveals the hydrolytic potential of peat-inhabiting
Planctomycetes. Anton. Leeuw. Int. J. G. 111, 801–809. doi: 10.1007/s10482-
017-0973-9

Kim, S. (2015). ppcor: An R Package for a Fast Calculation to Semi-partial
Correlation Coefficients. Commun. Stat. Appl. Methods 22, 665–674. doi: 10.
5351/csam.2015.22.6.665

Körner, C. (2007). The use of ’altitude’ in ecological research. Trends Ecol. Evol. 22,
569–574. doi: 10.1016/j.tree.2007.09.006

Lauber, C. L., Hamady, M., Knight, R., and Fierer, N. (2009). Pyrosequencing-
Based Assessment of Soil pH as a Predictor of Soil Bacterial Community
Structure at the Continental Scale. Appl. Environ. Microbiol. 75, 5111–5120.
doi: 10.1128/aem.00335-09

Li, C., Yan, K., Tang, L., Jia, Z., and Li, Y. (2014). Change in deep soil microbial
communities due to long-term fertilization. Soil Biol. Biochem. 75, 264–272.
doi: 10.1016/j.soilbio.2014.04.023

Li, D., Chen, L., Xu, J., Ma, L., Olk, D. C., Zhao, B., et al. (2018). Chemical nature
of soil organic carbon under different long-term fertilization regimes is coupled
with changes in the bacterial community composition in a Calcaric Fluvisol.
Biol. Fert. Soils 54, 999–1012. doi: 10.1007/s00374-018-1319-0

Liu, D., Wu, X., Shi, S., Liu, H., and Liu, G. (2016). A hollow bacterial
diversity pattern with elevation in Wolong Nature Reserve, Western
Sichuan Plateau. J. Soils Sediments 16, 2365–2374. doi: 10.1007/s11368-016-14
22-5

Magoè, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads
to improve genome assemblies. Bioinformatics 27, 2957–2963. doi: 10.1093/
bioinformatics/btr507

Meng, H., Li, K., Nie, M., Wan, J. R., Quan, Z. X., Fang, C. M., et al. (2013).
Responses of bacterial and fungal communities to an elevation gradient in a
subtropical montane forest of China. Appl. Microbiol. Biotechnol. 97, 2219–
2230. doi: 10.1007/s00253-012-4063-7

Mitchell, R. J., Hester, A. J., Campbell, C. D., Chapman, S. J., Cameron, C. M.,
Hewison, R. L., et al. (2010). Is vegetation composition or soil chemistry the
best predictor of the soil microbial community? Plant Soil 333, 417–430. doi:
10.1007/s11104-010-0357-7

Morrissey, E. M., Mau, R. L., Schwartz, E., McHugh, T. A., Dijkstra, P., Koch,
B. J., et al. (2017). Bacterial carbon use plasticity, phylogenetic diversity and
the priming of soil organic matter. ISME J. 11, 1890–1899. doi: 10.1038/ismej.
2017.43

Nacke, H., Goldmann, K., Schöning, I., Pfeiffer, B., Kaiser, K., Castillo-Villamizar,
G. A., et al. (2016). Fine Spatial Scale Variation of Soil Microbial Communities
under European Beech and Norway Spruce. Front. Microbiol. 7:2067. doi: 10.
3389/fmicb.2016.02067

Nemergut, D. R., Knelman, J. E., Ferrenberg, S., Bilinski, T., Melbourne, B., Jiang,
L., et al. (2016). Decreases in average bacterial community rRNA operon copy
number during succession. ISME J. 10, 1147–1156. doi: 10.1038/ismej.2015.191

Ng, E. L., Patti, A. F., Rose, M. T., Schefe, C. R., Wilkinson, K., Smernik, R. J.,
et al. (2014). Does the chemical nature of soil carbon drive the structure and
functioning of soil microbial communities? Soil Biol. Biochem. 70, 54–61. doi:
10.1016/j.soilbio.2013.12.004

Oades, J. M., Kirkman, M. A., and Wagner, G. H. (1970). Use of gas-
liquid chromatography for determination of sugars extracted from soil by
sulfuric acid. Soil Sci. Soc. Am. J. 34, 230–235. doi: 10.2136/sssaj1970.
03615995003400020017x

Frontiers in Microbiology | www.frontiersin.org 14 July 2021 | Volume 12 | Article 646124

https://doi.org/10.1073/pnas.0801920105
https://doi.org/10.1007/s11356-019-04883-y
https://doi.org/10.1093/bioinformatics/btp636
https://doi.org/10.1038/s41467-019-13119-z
https://doi.org/10.1016/j.apsoil.2014.09.011
https://doi.org/10.1016/j.apsoil.2014.09.011
https://doi.org/10.1093/femsec/fiy216
https://doi.org/10.1111/1462-2920.13236
https://doi.org/10.1111/gcb.14132
https://doi.org/10.1016/j.soilbio.2011.11.012
https://doi.org/10.1371/journal.pone.0180371
https://doi.org/10.1128/AEM.05005-11
https://doi.org/10.1128/AEM.05005-11
https://doi.org/10.1002/ecm.1216
https://doi.org/10.3390/f10030240
https://doi.org/10.1016/j.soilbio.2017.01.017
https://doi.org/10.1111/mec.13384
https://doi.org/10.1111/mec.13384
https://doi.org/10.1002/jpln.200900027
https://doi.org/10.1007/s11284-014-1135-4
https://doi.org/10.1007/s11284-014-1135-4
https://doi.org/10.1007/s12275-017-6466-8
https://doi.org/10.1016/j.soilbio.2012.03.011
https://doi.org/10.1890/05-1839
https://doi.org/10.1016/s0038-0717(02)00251-1
https://doi.org/10.11821/xb198201010
https://doi.org/10.11821/xb198201010
https://doi.org/10.1111/gcb.14316
https://doi.org/10.1007/s10482-017-0973-9
https://doi.org/10.1007/s10482-017-0973-9
https://doi.org/10.5351/csam.2015.22.6.665
https://doi.org/10.5351/csam.2015.22.6.665
https://doi.org/10.1016/j.tree.2007.09.006
https://doi.org/10.1128/aem.00335-09
https://doi.org/10.1016/j.soilbio.2014.04.023
https://doi.org/10.1007/s00374-018-1319-0
https://doi.org/10.1007/s11368-016-1422-5
https://doi.org/10.1007/s11368-016-1422-5
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1007/s00253-012-4063-7
https://doi.org/10.1007/s11104-010-0357-7
https://doi.org/10.1007/s11104-010-0357-7
https://doi.org/10.1038/ismej.2017.43
https://doi.org/10.1038/ismej.2017.43
https://doi.org/10.3389/fmicb.2016.02067
https://doi.org/10.3389/fmicb.2016.02067
https://doi.org/10.1038/ismej.2015.191
https://doi.org/10.1016/j.soilbio.2013.12.004
https://doi.org/10.1016/j.soilbio.2013.12.004
https://doi.org/10.2136/sssaj1970.03615995003400020017x
https://doi.org/10.2136/sssaj1970.03615995003400020017x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-646124 July 26, 2021 Time: 18:5 # 15

Tian et al. Soil Properties Drive Bacterial Community

Oksanen, J., Blanchet, F. G., Kindt, R., Legendre, P., Minchin, P., O’Hara, R. B., et al.
(2019). Vegan: Community Ecology Package. R Package Version 2.5-4. Vienna: R
Core Team.

Pascault, N., Ranjard, L., Kaisermann, A., Bachar, D., Christen, R., Terrat, S.,
et al. (2013). Stimulation of Different Functional Groups of Bacteria by Various
Plant Residues as a Driver of Soil Priming Effect. Ecosystems 16, 810–822.
doi: 10.1007/s10021-013-9650-7

Paterson, E., Osler, G., Dawson, L. A., Gebbing, T., Sim, A., and Ord, B.
(2008). Labile and recalcitrant plant fractions are utilised by distinct microbial
communities in soil: Independent of the presence of roots and mycorrhizal
fungi. Soil Biol. Biochem. 40, 1103–1113. doi: 10.1016/j.soilbio.2007.12.003

Philippot, L., Andersson, S. G., Battin, T. J., Prosser, J. I., Schimel, J. P., Whitman,
W. B., et al. (2010). The ecological coherence of high bacterial taxonomic ranks.
Nat. Rev. Microbiol. 8, 523–529. doi: 10.1038/nrmicro2367

Price, M. N., Dehal, P. S., and Arkin, A. P. (2009). FastTree: computing large
minimum evolution trees with profiles instead of a distance matrix. Mol. Biol.
Evol. 26, 1641–1650. doi: 10.1093/molbev/msp077

Prietzel, J., and Christophel, D. (2014). Organic carbon stocks in forest soils of the
German Alps. Geoderma 221, 28–39. doi: 10.1016/j.geoderma.2014.01.021

Prober, S. M., Leff, J. W., Bates, S. T., Borer, E. T., Firn, J., Harpole, W. S., et al.
(2015). Plant diversity predicts beta but not alpha diversity of soil microbes
across grasslands worldwide. Ecol. Lett. 18, 85–95. doi: 10.1111/ele.12381

Qi, D., Wieneke, X., Tao, J., Zhou, X., and Desilva, U. (2018). Soil pH Is the Primary
Factor Correlating With Soil Microbiome in Karst Rocky Desertification
Regions in the Wushan County, Chongqing, China. Front. Microbiol. 9:1027.
doi: 10.3389/fmicb.2018.01027

Ravin, N. V., Rakitin, A. L., Ivanova, A. A., Beletsky, A. V., Kulichevskaya,
I. S., Mardanov, A. V., et al. (2018). Genome Analysis of Fimbriiglobus
ruber SP5(T), a Planctomycete with Confirmed Chitinolytic Capability. Appl.
Environ. Microbiol. 84, e2645–e2617. doi: 10.1128/aem.02645-17

Razanamalala, K., Razafimbelo, T., Maron, P.-A., Ranjard, L., Chemidlin, N.,
Lelièvre, M., et al. (2018). Soil microbial diversity drives the priming effect
along climate gradients: a case study in Madagascar. ISME J. 12, 451–462.
doi: 10.1038/ismej.2017.178

Ren, B., Hu, Y., Chen, B., Zhang, Y., Thiele, J., Shi, R., et al. (2018). Soil pH and plant
diversity shape soil bacterial community structure in the active layer across the
latitudinal gradients in continuous permafrost region of Northeastern China.
Sci. Rep. 8, 24040–24048. doi: 10.1038/s41598-018-24040-8

Ren, C., Zhang, W., Zhong, Z., Han, X., Yang, G., Feng, Y., et al. (2018). Differential
responses of soil microbial biomass, diversity, and compositions to altitudinal
gradients depend on plant and soil characteristics. Sci. Total Environ. 610,
750–758. doi: 10.1016/j.scitotenv.2017.08.110

Revelle, W. (2021). psych: Procedures for Psychological, Psychometric, and
Personality Research. Evanston: Northwestern University.

Roller, B. R. K., Stoddard, S. F., and Schmidt, T. M. (2016). Exploiting rRNA operon
copy number to investigate bacterial reproductive strategies. Nat. Microbil.
1:160. doi: 10.1038/nmicrobiol.2016.160

Rovira, P., and Vallejo, V. R. (2002). Labile and recalcitrant pools of carbon and
nitrogen in organic matter decomposing at different depths in soil: an acid
hydrolysis approach. Geoderma 107, 109–141. doi: 10.1016/s0016-7061(01)
00143-4

Schimel, J. P., and Schaeffer, S. M. (2012). Microbial control over carbon cycling in
soil. Front. Microbiol. 3:00348. doi: 10.3389/fmicb.2012.00348

Shao, P., Liang, C., Rubert-Nason, K., Li, X., Xie, H., and Bao, X. (2019).
Secondary successional forests undergo tightly-coupled changes in soil
microbial community structure and soil organic matter. Soil Biol. Biochem. 128,
56–65. doi: 10.1016/j.soilbio.2018.10.004

Shen, C. C., Xiong, J. B., Zhang, H. Y., Feng, Y. Z., Lin, X. G., Li, X. Y., et al. (2013).
Soil pH drives the spatial distribution of bacterial communities along elevation
on Changbai Mountain. Soil Biol. Biochem. 57, 204–211. doi: 10.1016/j.soilbio.
2012.07.013

Siles, J. A., and Margesin, R. (2016). Abundance and Diversity of Bacterial,
Archaeal, and Fungal Communities Along an Altitudinal Gradient in Alpine
Forest Soils: What Are the Driving Factors? Mol. Ecol. 72, 207–220. doi: 10.
1007/s00248-016-0748-2

Singh, D., Lee-Cruz, L., Kim, W.-S., Kerfahi, D., Chun, J.-H., and Adams, J. M.
(2014). Strong elevational trends in soil bacterial community composition on

Mt. Ha lla, South Korea. Soil Biol. Biochem. 68, 140–149. doi: 10.1016/j.soilbio.
2013.09.027

Tang, Z. Y., and Fang, J. Y. (2006). Temperature variation along the northern
and southern slopes of Mt. Taibai, China. Agr. For. Meteorol. 139, 200–207.
doi: 10.1016/j.agrformet.2006.07.001

Tian, J., He, N., Hale, L., Niu, S., Yu, G., Liu, Y., et al. (2018). Soil organic matter
availability and climate drive latitudinal patterns in bacterial diversity from
tropical to cold temperate forests. Funct. Ecol. 32, 61–70. doi: 10.1111/1365-
2435.12952

Tripathi, B. M., Kim, M., Singh, D., Lee-Cruz, L., Lai-Hoe, A., Ainuddin, A. N.,
et al. (2012). Tropical Soil Bacterial Communities in Malaysia: pH Dominates
in the Equatorial Tropics Too.Mol. Ecol. 64, 474–484. doi: 10.1007/s00248-012-
0028-8

Tripathi, B. M., Stegen, J. C., Kim, M., Dong, K., Adams, J. M., and Lee, Y. K. (2018).
Soil pH mediates the balance between stochastic and deterministic assembly of
bacteria. ISME J. 12, 1072–1083. doi: 10.1038/s41396-018-0082-4

Wagg, C., Bender, S. F., Widmer, F., and van der Heijden, M. G. A. (2014).
Soil biodiversity and soil community composition determine ecosystem
multifunctionality. Proc. Natl. Acad. Sci. U S A. 111, 5266–5270. doi: 10.1073/
pnas.1320054111

Wang, J.-T., Zheng, Y.-M., Hu, H.-W., Li, J., Zhang, L.-M., Chen, B.-D., et al.
(2016). Coupling of soil prokaryotic diversity and plant diversity across
latitudinal forest ecosystems. Sci. Rep. 6:sre19561. doi: 10.1038/srep19561

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. New York, NY:
Springer-Verlag.

Wilkinson, M. T., Richards, P. J., and Humphreys, G. S. (2009). Breaking ground:
Pedological, geological, and ecological implications of soil bioturbation. Earth-
Sci. Rev. 97, 257–272. doi: 10.1016/j.earscirev.2009.09.005

Wilms, R., Köpke, B., Sass, H., Chang, T. S., Cypionka, H., and Engelen, B. (2006).
Deep biosphere-related bacteria within the subsurface of tidal flat sediments.
Environ. Microbiol. 8, 709–719. doi: 10.1111/j.1462-2920.2005.00949.x

Xia, Z., Bai, E., Wang, Q., Gao, D., Zhou, J., Jiang, P., et al. (2016). Biogeographic
Distribution Patterns of Bacteria in Typical Chinese Forest Soils. Front.
Microbiol. 7:01106. doi: 10.3389/fmicb.2016.01106

Yang, F., Wu, J., Zhang, D., Chen, Q., Zhang, Q., and Cheng, X. (2018).
Soil bacterial community composition and diversity in relation to edaphic
properties and plant traits in grasslands of southern China. Appl. Soil Ecol. 128,
43–53. doi: 10.1016/j.apsoil.2018.04.001

Yang, L., Lyu, M., Li, X., Xiong, X., Lin, W., Yang, Y., et al. (2020). Decline in the
contribution of microbial residues to soil organic carbon along a subtropical
elevation gradient. Sci. Total Environ. 749, 141583–141583. doi: 10.1016/j.
scitotenv.2020.141583

Yao, F., Yang, S., Wang, Z., Wang, X., Ye, J., Wang, X., et al. (2017). Microbial Taxa
Distribution Is Associated with Ecological Trophic Cascades along an Elevation
Gradient. Front. Microbiol. 8:2071. doi: 10.3389/fmicb.2017.02071

Yasir, M., Azhar, E. I., Khan, I., Bibi, F., Baabdullah, R., Al-Zahrani, I. A.,
et al. (2015). Composition of soil microbiome along elevation gradients in
southwestern highlands of Saudi Arabia. BMC Microbiol. 15:65. doi: 10.1186/
s12866-015-0398-4

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

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

Copyright © 2021 Tian, Jiang, Tang, Wu, Tang and Liu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Microbiology | www.frontiersin.org 15 July 2021 | Volume 12 | Article 646124

https://doi.org/10.1007/s10021-013-9650-7
https://doi.org/10.1016/j.soilbio.2007.12.003
https://doi.org/10.1038/nrmicro2367
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1016/j.geoderma.2014.01.021
https://doi.org/10.1111/ele.12381
https://doi.org/10.3389/fmicb.2018.01027
https://doi.org/10.1128/aem.02645-17
https://doi.org/10.1038/ismej.2017.178
https://doi.org/10.1038/s41598-018-24040-8
https://doi.org/10.1016/j.scitotenv.2017.08.110
https://doi.org/10.1038/nmicrobiol.2016.160
https://doi.org/10.1016/s0016-7061(01)00143-4
https://doi.org/10.1016/s0016-7061(01)00143-4
https://doi.org/10.3389/fmicb.2012.00348
https://doi.org/10.1016/j.soilbio.2018.10.004
https://doi.org/10.1016/j.soilbio.2012.07.013
https://doi.org/10.1016/j.soilbio.2012.07.013
https://doi.org/10.1007/s00248-016-0748-2
https://doi.org/10.1007/s00248-016-0748-2
https://doi.org/10.1016/j.soilbio.2013.09.027
https://doi.org/10.1016/j.soilbio.2013.09.027
https://doi.org/10.1016/j.agrformet.2006.07.001
https://doi.org/10.1111/1365-2435.12952
https://doi.org/10.1111/1365-2435.12952
https://doi.org/10.1007/s00248-012-0028-8
https://doi.org/10.1007/s00248-012-0028-8
https://doi.org/10.1038/s41396-018-0082-4
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.1073/pnas.1320054111
https://doi.org/10.1038/srep19561
https://doi.org/10.1016/j.earscirev.2009.09.005
https://doi.org/10.1111/j.1462-2920.2005.00949.x
https://doi.org/10.3389/fmicb.2016.01106
https://doi.org/10.1016/j.apsoil.2018.04.001
https://doi.org/10.1016/j.scitotenv.2020.141583
https://doi.org/10.1016/j.scitotenv.2020.141583
https://doi.org/10.3389/fmicb.2017.02071
https://doi.org/10.1186/s12866-015-0398-4
https://doi.org/10.1186/s12866-015-0398-4
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Soil pH and Organic Carbon Properties Drive Soil Bacterial Communities in Surface and Deep Layers Along an Elevational Gradient
	Introduction
	Materials and Methods
	Site Description and Soil Sampling
	Soil Properties
	Soil Bacterial Communities
	Statistical Analysis

	Results
	Vegetation and Soil Properties Along the Elevational Gradient
	Soil Bacterial Community in Relation to Elevation and Soil Layer
	Soil Bacterial Diversity in Relation to Environmental Variables
	Soil Bacterial Composition in Relation to Environmental Variables

	Discussion
	Effects of pH in Shaping Bacterial Diversity and Composition
	Effects of Soil Organic Carbon Properties in Shaping Bacterial Diversity and Composition
	Effects of Vegetation Properties and Climate on Bacterial Diversity and Composition
	Determining Factors of Soil Bacterial Community Composition

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


