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Abstract: Abundant and rare bacteria exhibit unequal responses to environmental changes and
disturbances, potentially resulting in differential contributions to the altitudinal characteristics of
total community in natural and disturbed soils. Although the altitude patterns of soil bacteria
have been widely studied, it remains unclear whether these patterns are consistent among bacteria
with varying predominance levels, and which subpopulation contributes more to maintaining these
patterns in natural and disturbed subalpine forest soils. In this study, we collected 18 natural
subalpine forest soil samples and 18 disturbed ones from three altitudes (2900 m a.s.l., 3102 m a.s.l.,
and 3194 m a.s.l.) along the Wenma highway in Miyaluo, Lixian, Sichuan, Southwest China. By
partitioning total bacterial communities based on species predominance, we found that bacteria with
higher predominance levels tended to exhibit altitude patterns (α-diversity, community structure,
and functional redundancy) similar to those of total bacteria in both natural and disturbed subalpine
forest soils, although they only occupied a small portion of the community. Abundant bacteria might
play critical roles in maintaining the regional ecological characteristics of total community across
the altitude gradient, while the rare and hyper-rare ones might contribute more to local diversity
and functional redundancy. In natural soils, the altitude patterns of α-diversity inferred from total,
abundant, and rare bacteria were mainly shaped by NO−

3 -N, while soil conductivity mainly drove
the altitude patterns of α-diversity inferred from hyper-rare bacteria. Additionally, the community
structures of total, abundant, rare, and hyper-rare bacteria were mainly shaped by NO−

3 -N, while
the altitude patterns of functional redundancy inferred from total, abundant, and rare bacteria
were mainly shaped by soil conductivity in natural soils. In disturbed subalpine forest soils, the
influences of NO−

3 -N for the altitude patterns of α-diversity and community structure, and those
of soil conductivity for functional redundancy, were relatively weak in total, abundant, rare, and
hyper-rare bacteria. This study examined the roles of bacteria with varying predominance levels
in maintaining the altitude pattern of bacteria in both natural and disturbed subalpine forest soils,
providing novel insights for devising strategies to conserve biodiversity and ecologically restore
disturbed soils in subalpine ecosystems.

Keywords: bacterial community; functional redundancy; altitude pattern; abundant bacteria;
disturbance; subalpine forest soil

1. Introduction

Subalpine forests play crucial roles in supporting terrestrial ecological services such as
nutrient cycling [1] and regulating climate, air quality, and hydrology [2,3]. Yet, unprece-
dented human alterations to the native land surface pose growing threats on subalpine
forest ecosystems [4], e.g., highway construction, leading to the degradation of landscape
connectivity [5], loss of biodiversity [6], and even decreases in ecosystem quality [7].
Techniques such as external soil spray seeding (ESSS) [8] are often employed to facilitate
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landscape restorations after construction. It involves spraying artificially mixed soils onto
cut slopes caused by the highway construction, and artificially mixed soils consist of com-
posite materials (e.g., water retention and bonding agents), soluble chemical fertilizers,
backfill soils, and grass seeds [9,10]. Yet, the composite materials introduced by ESSS [10,11]
could also bring disturbances to native soils, impacting the growth and activity of microbes
sheltering in these environments. Evidence shows that microbes are key for preserving
ecosystem function and stability [12,13]. Also, many studies imply that microbes with
different predominance levels are unequal in response to environmental changes and dis-
turbances [14–16], while both of them contribute to ecosystem insurance [17,18]. Thus,
revealing the characteristics of microbes with varying predominance levels in natural
subalpine forest soils and those subjected to ESSS is of important significance to conserve
biodiversity and optimize restoration strategies for disturbed subalpine forest ecosystems.

Microbial species abundance distributions follow one of ecology’s universal laws that
a community often consists of many rare species and just a few abundant species [19–21],
and these rare species—referred to as rare microbial biosphere [22]—are defined as the
long tail in species rank–abundance curves [19]. Abundant species occupy core niche posi-
tions [18], and they are the mostly active and key components of a microbial community in
driving biogeochemical cycling [23–26]. Rare species also play key roles in maintaining the
stabilities of microbial community and function [27], conferring diverse metabolic abilities
to a community [28], e.g., nutrient cycling [29], multifunctionality [30], carbon fixation [31]
and accumulation [32], denitrification [33] and sulfate reduction [34]. Several conditionally
rare species can even thrive when the naïve environment has been changed, thereby offer-
ing insurance for an ecosystem [17]. Abundant and rare microbial biosphere have been
widely studied in many ecosystems [18,35], and these studies show that abundant and
rare species unequally respond to environmental changes and disturbances. Regarding
forest soils, evidence also indicates that abundant and rare species are unequal in response
to environmental changes and disturbances. For example, He et al. (2023) revealed the
distinct responses of abundant and rare bacteria to nitrogen additions in tropical forest
soils [36]. Zhang et al. (2023) indicated that the α-diversity of abundant bacteria reveals
no significant shifts during the successions of the secondary forest in a subalpine region,
but increases remarkably for rare bacteria [35]. Notably, the responses of abundant and
rare microbes to distinct disturbances are also varied. Jiao et al. (2019) indicated that the
richness and relative abundance of abundant species remain relatively stable, while those
of rare ones vary due to the disturbances of water addition, oil contamination, plant growth,
and the mix of oil contamination and plant growth [18], suggesting that rare microbes may
be more sensitive to disturbances. Despite that ESSS is a restoration approach, it has been
demonstrated to significantly affect bacterial communities due to the composite materials
containing water retention agents, cement, and fertilizers [37]. Such a comprehensive
disturbance may differently impact bacterial communities consisting of species with vary-
ing predominance levels. Previous studies about ecosystem subjected to ESSS primarily
focused on plant landscapes, soil properties, and nutrients [10,38,39]. Recent studies have
investigated bacteria in natural subalpine forest soils and those subjected to ESSS [40], or in
simulated ESSS experiments [37]. Yet, these studies did not distinguish between abundant
and rare species, which still remains elusive with respect to the communities consisting of
bacteria with varying predominance levels in subalpine forest soils subjected to ESSS.

Altitude is a synthetical variable affecting all aspects of an ecosystem such as cli-
mate, soil properties, and hydrology [41,42], and numerous studies have demonstrated
significant shifts in soil microbial diversity and community composition with increasing
altitude [43–45]. A more recent study also shows that both soil prokaryotic communities
consisting of abundant and rare species are significantly impacted by altitude shifts, and
the key factors shaping the communities of microbes with different predominance levels
are particularly varied [46]. This implies that natural environmental gradients induced by
altitude shifts can also have noteworthy and different impacts on soil microbial communi-
ties consisting of species with varying predominance levels. In subalpine forest ecosystems,
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altitude is also a critically synthesized variable in shaping soil microbial communities,
because soil properties closely related to microbes, e.g., soil temperature, moisture content,
and pH, are expected to change with increasing altitude [40]. Regarding soils subjected
to ESSS in the subalpine forest ecosystem, both disturbances caused by ESSS and altitude-
induced impacts are expected to influence bacterial communities consisting of species with
varying predominance levels, thereby leading to ecological characteristics different from
those previously found in natural ecosystems. Our previous study has revealed a decreased
pattern for total bacterial diversity in natural subalpine forest soils and those subjected to
ESSS with respect to altitude, and the soils subjected to ESSS possess a relatively low bacte-
rial diversity at high altitudes [40]. Yet, it remains unclear how altitude and ESSS regulate
the ecological characteristics of soil bacteria with varying predominance levels, and which
subpopulation (e.g., abundant and rare bacteria) is the key contributor in maintaining the
ecological characteristics of the total soil bacterial community across the altitude gradient.

In this study, we collected 36 soil samples from highway cut slopes (CS) subjected to
ESSS and natural subalpine forest soils (NS) (Miyaluo, Lixian County, Sichuan, Southwest
China). We focused on two unresolved questions: (i) How do altitude and ESSS regulate
the ecological characteristics of soil bacteria with varying predominance levels? (ii) Which
subpopulation is the key contributor in maintaining the ecological characteristics of the
total soil bacterial community across altitude gradients? While the soil bacterial community
along altitude gradients has been widely studied [40,44], this study delves deeper into the
roles of abundant and rare species in maintaining the ecological characteristics of total
soil bacterial community across altitude gradients. The significance lies in recognizing
the ecological characteristics of abundant and rare bacteria and their roles in maintaining
microbial biodiversity in both natural subalpine forest soils and those subjected to ESSS,
providing novel insights for devising strategies to conserve biodiversity and ecologically
restore soils disturbed by infrastructure construction in the subalpine forest ecosystem.

2. Materials and Methods
2.1. Site Description and Soil Sampling

We selected three altitudes (2900 m a.s.l., 3102 m a.s.l., and 3194 m a.s.l.) along the
Wenma highway, Miyaluo, Lixian, Sichuan, Southwest China (31◦42′38′′ N–31◦47′55′′ N,
102◦41′40′′ E–102◦44′23′′ E) for soil sampling. The average annual precipitation of sampling
areas varies between 600 and 1100 mm, accompanied by an average annual temperature
of 8.9 ◦C. Soils in sampling regions are typical brown forest soils, and are classified as
Cambic Umbrisols according to the IUSS Working Group (2007) [47]. According to the
investigations prior to sampling, all cut slopes resulting from highway construction were
subjected to ESSS-based restorations between June and October 2015, and they have been
restored for about three years as of the sampling date. In October 2018, we collected 36 soil
samples from cut slopes (CS) and the adjacent natural subalpine forest soils (NS) at a depth
of 0–10 cm. Given the potential variability in soil properties caused by the hydrological
condition of cut slopes, we employed an “S-shaped” sampling approach at each altitude
site [9,10,48]. Briefly, we first identified six plots along an “S-shaped” route at each site,
and then collected five soil cores per plot at a depth of 0–10 cm using quadrat sampling.
After eliminating visible rocks, plant roots, and residues, five soil cores collected from each
plot were thoroughly blended, and the mixed soils were considered as an independent
biological replicate (six biological replicates at each altitude). This procedure was used
for soil sampling of both NS and CS. Soils were sieved through a 2.0 mm mesh and
subsequently divided into two parts. One part was stored at 4 ◦C for determining soil
properties. Another part was freeze-dried (stored at −20 ◦C) and immediately used for
genomic DNA extraction.

2.2. Soil Property Measurements

Soil pH was measured in a soil–water slurry (1:5, w/v) by a pH meter. Soil conductivity
(CD) was measured via a conductivity meter. Soil moisture content (MC) was assessed
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via subjecting soils to oven drying until reaching a consistent mass at 105 ◦C [49]. Soil
temperature (ST) was measured using a geothermometer in situ during the sampling.
Soil total organic carbon (TOC) was assessed using the dichromate oxidation–titration
method [50]. Soil total nitrogen (TN) was assessed using the Kjeldahl method [51]. Soil
ammonium (NH+

4 -N) and nitrate nitrogen (NO−
3 -N) were measured using the indophenol

blue method and the phenol disulfonic acid method, respectively [52]. Soil total phosphorus
(TP) was digested with H2SO4-HClO4 first, and then measured using a molybdenum-
blue colorimetric method [53]. Soil available phosphorus (SAP) was measured using the
molybdenum antimony anti-colorimetric method [54].

2.3. DNA Extraction, 16S rRNA Gene Amplification and High-Throughput Sequencing

Genomic DNA was extracted from 0.25 g freeze-dried soils using a DNeasy® PowerSoil®

kit (QIAGEN GmbH, Hilden, Germany), and then checked using a Nano-Drop ND-1000
Spectrophotometer (Nano-Drop Technologies Inc., Wilmington, DE, USA). Only the DNA
with high quality was used for polymerase chain reaction (PCR) amplification using the
primers 515F/909R [55]. The PCR reaction system comprised 25 µL, containing 1 µL of
high-quality DNA template (about 20 ng), 1 µL each of 10 µM forward and reverse primers,
9.5 µL of H2O, and 12.5 µL of MasterMix (including PCR buffer, DNA polymerase, dNTPs,
and Mg2+) (CWBIO, Beijing, China). The amplification protocol proceeded as follows: initial
denaturation at 94 ◦C for 3 min, followed by 30 cycles of amplification (denaturation at 94 ◦C
for 40 s, annealing at 56 ◦C for 1 min, and extension at 72 ◦C for 1 min), and a final extension
at 72 ◦C for 10 min. PCR products underwent a quality check using a Nano-Drop ND-1000
Spectrophotometer (Nano-Drop Technologies Inc., Wilmington, DE, USA), were pooled at
equal molar amounts for each soil sample (stored at −20 ◦C before the sequencing), and were
subsequently subjected to the high-throughput sequencing of Illumina HiSeq. Due to the
unsuccessful amplification of several samples, only 30 soil samples were ultimately subjected
to 16S rRNA gene sequencing.

2.4. Bioinformatics Analysis of 16S rRNA Gene Sequencing Data

Paired-end reads were demultiplexed using sabre (https://github.com/najoshi/sabre;
Accessed date: 10 December 2019) according to barcode sequences introduced during the
PCR, resulting in two fastq files for each sample. Then, these fastq files were analyzed
using the QIIME 2 workflow (version 2019.10) [56]. Briefly, paired-end reads were as-
sembled using a VSEARCH algorithm before quality filtering (--p-min-quality = 4 and
--p-max-ambiguous = 0) [57]. Then, assembled sequences were denoised using a deblur
algorithm [58]. During the denoising, sequences underwent initial trimming to 235 base
pairs, followed by a removal of the first 35 base pairs from the 5′ end, resulting in a final
sequence length of 200 base pairs. Such an operation is aimed at mitigating the potential
impacts of sequencing errors associated with longer sequences. Evidence has demonstrated
that a sequence length of more than 90 base pairs is adequate for capturing the patterns
of microbial composition and diversity between groups [59]. Amplicon sequence variants
(ASVs) generated by the denoising were taxonomically annotated to the SILVA v13.8 [60]
using a classify-sklearn algorithm. To reduce the likelihood of rare ASVs being artifacts
of chance or sequencing error, we removed the ASVs that appeared only once across all
samples, those that could not be annotated at the kingdom level, and those classified as
mitochondria or chloroplast. Given the differences in sequencing depth among the samples,
we rarefied sequence numbers to 8000 per sample, yielding 893 to 2064 ASVs across 30 soil
samples. Finally, the ASVs were classified into three categories, in which those with an
average relative abundance less than 0.0001% across all samples were defined as hyper-rare
ASVs, those ranging from 0.0001% to 0.001% were classified as rare ASVs, and those greater
than 0.001% were classified as abundant ASVs [61]. By applying such a classification strat-
egy, we identified 4097, 4174, and 645 ASVs belonging to hyper-rare, rare, and abundant
bacteria, respectively (Figure S1A). Hyper-rare ASVs were detected at 1 to 7 sampling sites,
rare ASVs at 1 to 23 sites, and abundant ones at 1 to 30 sites (Figure S1A). The average

https://github.com/najoshi/sabre


Diversity 2024, 16, 242 5 of 18

relative abundance of hyper-rare ASVs ranged from 1.39 × 10−5% to 9.72 × 10−5%, rare
ones ranged from 0.0001% to 0.001%, and abundant ones ranged from 0.001% to 0.053%
(Figure S1B). By scrutinizing the numbers of hyper-rare, rare, and abundant ASVs in each
sampling site, it was evident that all bacterial communities comprised many hyper-rare
and rare ASVs, with only a few abundant ASVs (Figure S2). The Shannon–Wiener index
and Bray–Curtis distance were calculated using the microeco R package v1.0.0 [62] at the
ASV level. To calculate the functional redundancy of the community, the KEGG (Kyoto
Encyclopedia of Genes and Genomes) [63] functional potentials of bacteria were predicted
using the PICRUSt2 workflow v2.2.0-b [64], resulting in the copy numbers of KO (KEGG
Orthology) for each ASV. The functional uniqueness (U) of bacterial communities based
on the copy numbers of KO was calculated using the methods described in a previous
study [65], and the functional redundancy (R) at the community level (the capability of a
community to compensate for ecosystem function loss because of species loss) was inferred
through the formula of R = 1 − U [65].

2.5. Statistical Analysis

The overall differences in soil properties were visualized using principal component
analysis (PCA) and tested using the two-way and pairwise permutational multivariate
analysis of variance (PERMANOVA) based on Euclidean distances. Differences in bacte-
rial communities were visualized using a non-metric multidimensional scaling (NMDS)
analysis and then tested using two-way and pairwise PERMANOVA based on Bray–Curtis
distances. A clustering analysis based on Bray–Curtis distances was also performed for
bacterial communities using the microeco R package v1.0.0 [62]. Individual soil properties,
Shannon–Wiener index, and functional redundancy were compared using a non-parametric
Wilcoxon rank sum test. This is because most of these metrics did not meet the hypothesis
about normality and homogeneity of variance (Tables S1–S4). To identify those taxa highly
contributing to community differences between NS and CS, or among three altitudes, we
first performed a LEfSe (linear discriminant analysis effect size) analysis (p ≤ 0.01 and LDA
score ≥ 4; no significant genus was identified under this criterion for hyper-rare bacterial
communities) at the genus level. The reason we conducted a LEfSe analysis at the genus
level is that it has greater biological significance and functional specificity, which allows for
a better elucidation of the structure and function of microbial communities. The relative
abundances of significant genera were visualized using the ggplot2 R packages v3.5.0 [66].
Then, ASVs belonging to each significant genus were extracted to infer their functions
using the microeco R package v1.0.0 [62] with the FAPROTAX v1.2.4 database [67]. The
numbers of ASVs that possessed known functions in each significant genus were visualized
using the ggplot2 R package v3.5.0 [66]. The key factors impacting the Shannon–Wiener
index and functional redundancy within NS and CS were identified using a Spearman rank
correlation based on the psych R package v2.4.1. To identify those key factors impacting the
bacterial community, we performed a redundancy analysis (RDA) based on Bray–Curtis
distances. The relative contribution and associated significance of each soil property to
community differences were estimated using the envfit() function of vegan R package v2.6.4.
To estimate the contributions of hyper-rare, rare, and abundant subcommunities to the eco-
logical characteristics of total soil bacterial communities, we correlated the Shannon–Wiener
index, Bray–Curtis distance, and functional redundancy inferred from subcommunities
to those from total communities using a Pearson correlation. All statistical analyses were
performed in R v4.3.2.

3. Results
3.1. The Differences in Soil Properties between Natural and Cut Slope Soils, and among Altitudes

The PCA showed that there were significant differences in soil properties between
NS and CS, and among altitudes (p < 0.05) (Figure S3, Table S5). The most significant
differences in soil pH, CD, and NH+

4 -N were detected at 3102 m or 3194 m, while those of
MC, ST, TOC, TN, and NO−

3 -N were detected at 3102 m. No significant differences were
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detected in TP or SAP between NS and CS (Figure S4). Generally, the soil pH, MC, and ST
in CS were higher than those in NS, but the TOC, TN, and NH+

4 -N showed the opposite
pattern, though several differences were non-significant; CD was significantly higher in
CS than in NS at 3194 m; NO−

3 -N was less in CS than in NS at 2900 m and 3102 m, but the
opposite pattern was detected at 3194 m (Figure S4). Regarding NS, the soil pH decreased
with altitude; the maximal average values of MC and ST were detected at 2900 m, while
the minimal were detected at 3102 m; the maximal CD and TN were detected at 3102 m,
while the maximal NH+

4 -N was detected at 3194 m; the maximal NO−
3 -N was detected at

3102 m, and the minimal was detected at 3194 m; no significant differences were detected
for TOC, SAP, or TP among altitudes (Figure S4). In CS, the soil pH, MC, and SAP showed
an increase with altitude. Notably, no significant differences were detected between 3102 m
and 3194 m for MC or between 2900 m and 3102 m for SAP. The ST declined with altitude,
but no significant difference was detected between 3102 and 3194 m; the maximal CD and
TP were detected at 3194 m; the maximal TOC, TN, NH+

4 -N and NO−
3 -N were detected at

2900 m or 3194 m, while the minimal were detected at 3102 m (Figure S4).

3.2. The Diversity Characteristics of Abundant, Rare and Hyper-Rare Bacteria

The Shannon–Wiener indices of total, abundant, and rare bacteria decreased with
altitude in both NS and CS, but those of hyper-rare bacteria showed a “hump” altitude
pattern, though several differences between altitudes were not statistically significant
(Figure 1A). No significant differences in the Shannon–Wiener indices between NS and
CS were detected for total, abundant, or rare bacteria at the three altitudes. Regarding
hyper-rare bacteria, the Shannon–Wiener indices in CS were higher than those in NS at the
three altitudes, especially at 2900 m and 3102 m (p < 0.05) (Figure 1A). NO−

3 -N (ρ ≥ 0.68,
p < 0.01) showed the strongest correlation with the Shannon–Wiener indices of the total,
abundant, and rare bacteria in NS. CD (ρ = 0.75, p < 0.01) showed the strongest correlation
with the Shannon–Wiener index of hyper-rare bacteria, despite that TN (ρ = 0.73, p < 0.01)
and NO−

3 -N (ρ = 0.64, p < 0.05) were also considerable (Figure S5). Regarding CS, MC
(ρ ≤ −0.56, p < 0.05) showed the strongest correlation with the Shannon–Wiener indices of
total and abundant bacteria, though TN (ρ = 0.75, p < 0.01) and soil pH (ρ = −0.72, p < 0.01)
also strongly correlated with the Shannon–Wiener index of abundant bacteria (Figure S5);
NO−

3 -N (ρ = −0.57, p < 0.05) showed the strongest correlation with the Shannon–Wiener
index of hyper-rare bacteria, though SAP (ρ = −0.55, p < 0.05) and CD (ρ = −0.52, p < 0.05)
were also considerable (Figure S5); there were no significant correlations between soil
properties and the Shannon–Wiener index of rare bacteria (Figure S5). There was the
strongest linear correlation between the Shannon–Wiener index of total bacteria and that of
abundant bacteria in both NS (R = 0.94, p < 0.001) and CS (R = 0.97, p < 0.001), although
this scenario was also considerable for rare bacteria (NS: R = 0.93, p < 0.001; CS: R = 0.86,
p < 0.001) (Figure 1B). Instead, the correlation between the Shannon–Wiener index of total
bacteria and that of hyper-rare ones was relatively weak (NS: R = 0.62, p < 0.05; CS: R = 0.71,
p < 0.01) (Figure 1B).

3.3. The Community Characteristics of Abundant, Rare, and Hyper-Rare Bacteria

The Bray–Curtis distance clustering analysis revealed distinct groupings for the com-
munities of total, abundant, rare, and hyper-rare bacteria (Figure S6A–D). NMDS showed
similar results (Figures 2A–D and S7). There were significant differences in community
structure among altitudes within NS and CS, and between NS and CS at each altitude
(Table S6). Community differences between NS and CS were greater at 3102 m and 3194 m
compared to those observed at 2900 m. These scenarios were detected for total, abundant,
rare, and hyper-rare bacteria (Figure 2A–D). The LEfSe analysis identified nine genera that
significantly (p ≤ 0.01, LDA score ≥ 4) contributed to the community differences of total
soil bacteria, along with eighteen and four genera that were highly influential in abundant
and rare bacterial community differences, respectively (Figure S8). No significant genera
were identified under the same criterion for the hyper-rare bacterial community. The gen-
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era identified from the abundant bacterial communities encompassed all those identified
from the total soil bacterial communities, and the intersections showed highly similar
changing patterns. For example, the relative abundances of Tychonema_CCAP_1459−11B,
Nostoc_PCC−73102, Nitrososphaeraceae, and Flavobacterium were generally higher in CS.
Instead, the relative abundance of Bradyrhizobium showed the opposite trend, being higher
in NS than in CS (Figure 3A). The functional predictions for these significant genera showed
that they were mainly involved in carbon and nitrogen cycling such as chemoheterotrophy,
nitrification, and nitrogen fixation (Figure 3B).
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between Shannon–Wiener indices of total soil bacteria and those of abundant, rare, and hyper-rare
ones (B). Asterisks in figure (A) represent significant differences between NS and CS at an altitude
(* p < 0.05). Lowercase and uppercase letters in figure (A) denote the significance of differences
among altitudes within NS and CS, respectively, and it indicates no significant difference (p < 0.05)
between two groups if they share the same letter. R-values and p-values in figure (B) represent
Pearson correlation coefficients and their associated significance. RB: average relative abundance.
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rare (RB < 0.0001%) (D) bacteria. NS: natural soils; CS: cut slope soils; RB: average relative abundance.

The community structures of the total soil bacteria were more similar to those of
abundant bacteria compared to those of hyper-rare and rare ones (Figure 2A–D). There
were the strongest correlations between the Bray–Curtis distances of the total and abundant
bacterial communities in NS (R = 1, p < 0.001) and CS (R = 0.98, p < 0.001), although
these correlations were also considerable between the total and rare bacteria (NS: R = 0.97,
p < 0.001; CS: R = 0.95, p < 0.001) (Figure S9). Instead, the correlation between the Bray–
Curtis distance of the total and hyper-rare bacterial communities was relatively weak (NS:
R = 0.82, p < 0.001; CS: R = 0.8, p < 0.001) (Figure S9). The RDA indicated that soil pH and
NH+

4 -N strongly contributed to the community differences of the total, abundant, rare, and
hyper-rare bacteria, especially the differences between NS and CS (Figures 4A–D and S10).
In NS, NO−

3 -N primarily contributed to the community shifts of total, abundant, rare,
and hyper-rare bacteria across the altitude gradient (Figures S11A–D and S12A–D). In
CS, SAP primarily contributed to the community shifts of the total, rare, and hyper-rare
bacteria, while TN primarily contributed to those of the abundant bacteria across the
altitude gradient (Figures S11E–H and S12E–H).
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Figure 3. Shifts in the relative abundance of differential genera identified by LEfSe analysis for total,
abundant (RB ≥ 0.001%), and rare (0.0001% ≤ RB < 0.001%) bacteria (A). The FAPROTAX functions
of differential genera (B). Relative abundance values in figure (A) were normalized using log()
function in R base package. Numbers within square brackets in figure (A) represent the ASV count
associated with each differential genus. Numbers in cells of figure (B) represent the ASV count for
each differential genus possessing a particular function (e.g., the Bryobacter possessing 38 ASVs with
chemoheterotrophy). Figure (B) only shows differential genera with a known function. NS: natural
soils; CS: cut slope soils; RB: average relative abundance; CC: carbon cycling; NC: nitrogen cycling.
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Figure 4. Bray–Curtis-distance-based redundancy analysis (RDA) for the communities of total (A),
abundant (RB ≥ 0.001%) (B), rare (0.0001% ≤ RB < 0.001%) (C), and hyper-rare (RB < 0.0001%)
(D) bacteria. NS: natural soils; CS: cut slope soils; RB: average relative abundance.

3.4. The Functional Redundancy Characteristics of Abundant, Rare, and Hyper-Rare Bacteria

Functional redundancies of total, abundant, rare, and hyper-rare bacterial communities
in CS were lower than those in NS at 3102 m and 3094 m (Figure 5A). With the increase in
altitude, the functional redundancies in NS showed an increasing pattern, but the increases
were non-significant for the total and abundant bacterial communities (Figure 5A). The
maximal functional redundancies were observed at 2900 m for the total, abundant, rare,
and hyper-rare bacterial communities in CS, while they declined at 3102 m and 3194 m,
especially 3102 m (Figure 5A). The altitude patterns of functional redundancy inferred from
the total soil bacterial communities were predominantly evident in the communities of
abundant bacteria, rather than those of rare and hyper-rare bacteria (Figure 5A,B). The CD
(ρ ≤ −0.58, p < 0.05) showed the strongest correlation with the functional redundancy of
the total, abundant, and rare bacterial communities in NS, but no significant correlation
(p > 0.05) was detected for the hyper-rare bacterial community (Figure S13). In CS, the soil
pH (ρ ≤ −0.61, p < 0.05), MC (ρ ≤ −0.58, p < 0.05) and TN (ρ ≥ 0.68, p < 0.01) were highly
correlated with the functional redundancy of the total, abundant, rare, and hyper-rare
communities (Figure S13).
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Pearson correlation coefficients and their associated significance. RB: average relative abundance.

4. Discussion
4.1. The Influences of Altitude and ESSS on the Communities Consisting of Bacteria with Varying
Predominance Levels

It is reported that bacterial α-diversity declines with altitude in both natural subalpine
forest soils and those subjected to ESSS [40]. Here, we detected the same scenarios for
abundant and rare bacteria, though several differences were not statistically significant
(Figure 1A). As a high microbial diversity can promote soil ecosystem function [68,69],
this study highlights the significance of accounting for the altitude-induced effects on
soil bacteria with varying predominance levels when implementing ESSS for cut slope
restoration in subalpine forest ecosystems. This is also supported by the significant shifts
in community structure with altitude in both natural and cut slope soils (Figure 2A–D).
Evidence shows that abundant and rare bacteria are different in their response to environ-
mental changes [35] and disturbances [36]. We found that the altitude patterns of abundant
and rare bacterial α-diversities were very similar in natural and cut slope soils, and they
differed from those of hyper-rare bacteria. Also, there were no significant differences
in α-diversity between natural and cut slope soils for abundant and rare bacteria, but
hyper-rare bacteria showed a significantly higher α-diversity in cut slope soils compared
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to natural soils at 2900 m and 3102 m (Figure 1A). We also detected similar altitudinal
patterns in community structure and functional redundancy between rare and hyper-rare
bacteria, contrasting with those of abundant bacteria (Figures 2B–D, 4B–D and 5A). These
results are consistent with previous studies. For example, He et al. (2022) indicated that
abundant and rare bacteria possess distinct shifting patterns of community structure in
reforestation succession soils [70]. Zhang et al. (2023) also showed a similar scenario for
abundant and rare bacteria in subalpine forest soils [35]. Overall, our findings demonstrate
that bacteria with low predominance levels exhibit ecological characteristics distinct from
those of bacteria with high predominance levels in both natural and cut slope soils. Given
that both abundant and rare bacteria can contribute to ecosystem insurance [17], this study
underscores the importance of categorizing total soil bacterial communities according to
species predominance levels when assessing their responses to environmental changes and
disturbance, in both natural subalpine forest soils and those subjected to ESSS.

Interestingly, we detected an increase in the functional redundancy of total, abundant,
rare, and hyper-rare bacteria with altitude in natural soils, though several differences were
not statistically significant (Figure 5A). This seems to contradict the findings regarding
α-diversity in natural soils, as the stability of ecosystem functions with increasing microbial
diversity is often considered an empirical indication of functional redundancy [71]. A
possible explanation is that the selections with increasing altitude probably resulted in
fewer species capable of adaptation and survivals, but these species may assume more
functions to maintain ecosystem stability and functionality. Yet, this inference still needs
to be verified in future studies. Notably, we observed that the functional redundancies
of total, abundant, rare, and hyper-rare bacteria in cut slope soils were lower at higher
altitudes (3102 m and 3194 m), and they were also significantly lower than those in natural
soils at these altitudes (Figure 5A). As a high functional redundancy could offset the
functional loss caused by species loss [72,73], our findings imply that implementing ESSS
for cut slope restoration at high altitudes probably causes greater disturbances to naïve
subalpine forest ecosystems. Such an inference is also supported by differences in the
communities of total, abundant, and rare bacteria between natural and cut slope soils.
For instance, the relative abundances of genera Bradyrhizobium, SC-I-84, mle1-7, IS-44, and
Bryobacter were lower in cut slope soils compared to natural soils, particularly at 3102
m and 3194 m (Figure 3A). This may deplete biogeochemical processes such as nitrogen
fixation, dark hydrogen oxidation, and chemoheterotrophy (Figure 3B). Additionally, we
detected an enrichment of several genera with similar functions in cut slope soils, for
example, Nostoc_PCC−73102, Blastococcus, Flavobacterium, and Arenimonas, suggesting their
potentially key roles in compensating for the functions of depleted bacteria (Figure 3B).

4.2. Potential Roles of Bacteria with Varying Predominance Levels in Maintaining the Ecological
Characteristics of Total Community across the Altitude Gradient

We found that α-diversity, community structure, and functional redundancy inferred
from the total bacterial community showed the strongest correlation with those from the
abundant bacterial community in both natural and cut slope soils (Figures 1B, 5B and S9).
This implies that abundant species play a key role in maintaining the ecological charac-
teristics of the total soil bacterial community across altitude gradients. Previous studies
indicate that rare species are the key contributors to microbial diversity [35,74], since rare
microbial species possess a great genetic diversity and a substantial amount of metabolically
active lineages, making them key contributors to microbial diversity [18,75]. In this study,
the α-diversity of the total bacterial community in both natural and cut slope soils were
mainly characterized by the communities of abundant bacteria rather than those of rare and
hyper-rare ones (Figure 1A). This does not suggest that our findings are contradictory to
the previous notion, as we also detected higher diversities for rare and hyper-rare bacteria
than those for abundant ones at nearly all altitudes in both natural and cut slope soils
(Figure 1A). This is in line with that reported by Zhang et al. (2023) in a subalpine forest
ecosystem [35], suggesting a critical role of rare species in maintaining locally bacterial
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diversity. Evidence indicates that rare species have greater functional importance and can
assume or supplement functions carried out by other abundant ones [17,76,77], thereby
providing functional redundancy or insurance for a community. In the present study, we
also observed higher functional redundancies for rare and hyper-rare bacteria than those
for abundant ones at nearly all altitudes in both natural and cut slope soils (Figure 5A).
This is consistent with a previous study [78], and also suggests a critical role of rare species
in maintaining locally functional redundancy. However, evaluating the roles of bacteria
with varying predominance levels in maintaining the regional characteristics of the total
community across the altitude gradient may yield different outcomes. Evidence shows that
abundant bacterial communities tend to remain relatively stable in response to environmen-
tal changes and disturbances [18], whereas rare ones are unevenly distributed and more
susceptible to local extinctions [18,79]. Under such a scenario, the environments shaped by
biotic and abiotic factors at each altitude might have favored or enriched bacteria with high
fitness, allowing them to occupy a core niche position. As a result, we detected a relatively
substantial contribution of abundant bacteria in maintaining the altitude patterns of total
soil bacterial α-diversity, community structure, and functional redundancy. In summary,
these findings suggest that abundant bacteria play an important role in maintaining the
regional characteristics of the total soil bacterial community, whereas rare or hyper-rare
ones probably contribute to the diversity and functional redundancy of local communities
in both natural subalpine forest soils and those subjected to ESSS.

4.3. Shared Key Driving Factors Result in Similar Ecological Characteristics for the Communities
of Total Soil Bacteria and Abundant Ones across the Altitude Gradient

Evidence indicates that nitrogen content can significantly regulate bacterial diver-
sity [80,81]. In the present study, we found that NO−

3 -N showed the strongest positive
correlation with the α-diversities inferred from total, abundant, and rare bacteria in natural
soils (Figure S5), mostly because NO−

3 -N is a critical nutrient and electron acceptor for mi-
crobes [82]. However, the α-diversity of hyper-rare bacteria showed the strongest positive
correlation with soil conductivity rather than NO−

3 -N. This can somewhat explain why the
altitudinal patterns of α-diversity were similar among total, abundant, and rare bacteria,
and why they differed from those of hyper-rare bacteria in natural soils. It is reported that
soil conductivity is closely related to salinity and cation exchange capacity [83], suggesting a
high sensitivity of hyper-rare α-diversity to soil salinity and cation exchange capacity rather
than NO−

3 -N content in our study areas. A similar scenario for NO−
3 -N also seemed to be

applicable for the community structures of total, abundant, rare, and hyper-rare bacteria in
natural soils (Figure S12A–D). However, NO−

3 -N alone cannot fully account for the differ-
ences between the abundant bacterial community and rare/hyper-rare ones. This is likely
because the abundant bacterial communities were also strongly impacted by TN, while the
rare/hyper-rare bacterial communities were additionally affected by ST (Figure S12B–D).
Nevertheless, these findings imply that NO−

3 -N may be a key factor in shaping the altitude
pattern of bacteria with varying predominance levels in natural subalpine forest soils.
Although our recent studies have revealed the importance of nitrogen content in regulating
the altitude pattern of soil bacteria in the same areas [1,40], it is still surprising that the
impacts of NO−

3 -N on soil bacterial community can be extended to species with an average
relative abundance as low as 0.0001% (rare bacteria), and even below 0.0001% (hyper-rare
bacteria) in natural soils. This is because soil pH has been reported as the key factor in many
studies [84–86], and it has also been observed that abundant and rare bacteria respond
differently to the same environmental changes in forest ecosystems [35,36]. We found
that soil conductivity was the most critical factor impacting the functional redundancies
inferred from the communities of total and abundant bacteria, and both soil conductivity
and pH were influential for rare ones (Figure S13). Such a result could explain the similar
altitude patterns of functional redundancy inferred from total and abundant bacteria in
natural soils (Figure 5A,B). Regarding soils subjected to ESSS, we found that the effects
of NO−

3 -N content and soil conductivity on the α-diversity, community structure, and
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functional redundancy inferred from total, abundant, rare, and hyper-rare bacteria were
relatively weak or not statistically significant (Figures S5, S12E–H and S13). A possible
explanation is that ESSS might have introduced additional selections on bacteria [37], such
as soil pH (Figures 4 and S10). This implies that ESSS can disrupt the predictability of soil
bacteria with varying predominance in natural subalpine forest ecosystem, highlighting a
necessity to concern the impacts of ESSS on soil microbiota during the restoration of cut
slopes. Nevertheless, a similar altitude pattern still tended to share the same key driving
factor in cut slope soils, e.g., MC for total and abundant bacterial α-diversity (Figure S5).

5. Conclusions

By partitioning total bacterial communities based on the predominance of ASVs, this
study revealed the altitude patterns of soil bacteria with varying predominance levels
in natural subalpine forest soils and those subjected to ESSS. We found that bacteria
with relatively high predominance levels tended to possess altitude patterns (α-diversity,
community structure, and functional redundancy) similar to those possessed by total soil
bacteria in both natural subalpine forest soils and those subjected to ESSS. Instead, bacteria
with relatively low predominance levels tended to possess altitude patterns distinguished
from those of relatively predominant ones. Abundant bacteria might play key roles in
maintaining the regional ecological characteristics of total community across altitude
gradients, while the rare and hyper-rare ones might contribute more to local diversity and
functional redundancy. The high similarities in the α-diversity and community structure
of total and abundant bacteria were mainly shaped by NO−

3 -N, while those in functional
redundancy were mainly shaped by soil conductivity in natural soils. Yet, the influences
of NO−

3 -N on the altitude patterns of α-diversity and community structure, and those
of conductivity on functional redundancy, were remarkably weak in soils subjected to
ESSS. This study examined the roles of abundant and rare species in maintaining the
altitude-induced ecological patterns of the bacterial community in both natural subalpine
forest soils and those subjected to ESSS, providing novel insights for devising strategies to
conserve biodiversity and ecologically restore soils disturbed by infrastructure construction
in vulnerable high-altitude subalpine forest ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/d16040242/s1. Figure S1: The distributions of amplicon se-
quence variants (ASVs) with varying average relative abundances in 30 soil samples, and the av-
erage relative abundances (RB) of abundant (RB ≥ 0.001%), rare (0.0001% ≤ RB < 0.001%) and
hyper-rare (RB < 0.0001%) bacteria; Figure S2: The ASV numbers of abundant (RB ≥ 0.001%),
rare (0.0001% ≤ RB < 0.001%) and hyper-rare (RB < 0.0001%) bacteria in soils sampled from 2900 m,
3102 m and 3194 m; Figure S3: A principal component analysis showing the overall difference in
soil properties; Figure S4: Soil properties in natural and cut slope soils; Figure S5: A heatmap
showing the Spearman correlations between soil properties and the Shannon-Wiener indices of
total, abundant (RB ≥ 0.001%), rare (0.0001% ≤ RB < 0.001%) and hyper-rare (RB < 0.0001%) bac-
teria; Figure S6: Bray-Curtis distance-based clustering analysis for total, abundant (RB ≥ 0.001%),
rare (0.0001% ≤ RB < 0.001%) and hyper-rare (RB < 0.0001%) bacterial communities; Figure S7:
The Sheppard Plot along with the Bray-Curtis distance-based non-metric multidimensional scal-
ing analysis shown in Figure 2; Figure S8: Differential genera identified by the LEfSe analysis;
Figure S9: The relationships between the Bray-Curtis distances of total bacterial communities and
those of abundant (RB ≥ 0.001%), rare (0.0001% ≤ RB < 0.001%) and hyper-rare (RB < 0.0001%) ones;
Figure S10: The relative contributions of individual soil property to the community differences of to-
tal, abundant (RB ≥ 0.001%), rare (0.0001% ≤ RB < 0.001%) and hyper-rare (RB < 0.0001%) bacteria;
Figure S11: Bray-Curtis distance-based redundancy analysis for the communities of total, abun-
dant (RB ≥ 0.001%), rare (0.0001% ≤ RB < 0.001%) and hyper-rare (RB < 0.0001%) bacteria in natural
and cut slope soils; Figure S12: The relative contributions of individual soil property to the com-
munity differences of total, abundant (RB ≥ 0.001%), rare (0.0001% ≤ RB < 0.001%) and hyper-rare
(RB < 0.0001%) bacteria in natural and cut slope soils; Figure S13: A heatmap showing the Spearman
correlations between soil properties and the functional redundancy of total, abundant (RB ≥ 0.001%),
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rare (0.0001% ≤ RB < 0.001%) and hyper-rare (RB < 0.0001%) bacteria; Table S1: Shapiro-Wilk test of
normality for soil properties; Table S2: Bartlett test of homogeneity of variances for soil properties;
Table S3: Shapiro-Wilk test of normality, and Bartlett test of homogeneity of variances for Shannon-
Wiener index; Table S4: Shapiro-Wilk test of normality, and Bartlett test of homogeneity of variances
for functional redundancy; Table S5: Two-way and pairwise permutational multivariate analysis of
variance (PERMANOVA) based on Euclidean distances for soil properties; Table S6: The two-way
and pairwise permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis
distances for bacterial communities.
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