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1 Introduction

Microbes, the most abundant and diverse group of soil
organism, play a fundamental role in the biosphere by
regulating soil biogeochemical processes such as decom-
position and nutrient transformation (Seastedt, 1984; Xiong

et al., 2016). The speed and volume of the decomposition are
positively driven by the diversity of the microbes in the soil
(Gessner et al., 2010; Baumann et al., 2013). A high microbial
diversity tends to speed up the organic matters’ turnover rate
and contribute a great amount of bio-available carbon and
nitrogen for the surrounding living organisms such as plants
and fungi (Bardgett et al., 2008; Supramaniam et al., 2016). In
turn, a variety of environmental conditions, such as soil
texture, soil moisture, precipitation, and vegetation commu-
nity, have significant effects on microbial community diversity
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A B S T R A C T

The alpine treeline ecotone is characterized as the upper limit of the forest in the high-mountain

ecosystem. Due to the freeze–thaw cycles, the soil organism community, such as microbial

communities are expected to change between seasons. However, there are limited microbial-

community studies focused on the high altitude alpine ecosystem. We conducted a study in the

alpine treeline ecotone on the eastern Qinghai-Tibet Plateau, China, and investigated the

seasonal variability of the soil microbial community. We collected all soil samples within the

alpine treeline ecotone, between the treeline and timberline in the high-mountain region. The

16S rRNA genes of the microbial communities (bacterial and archaeal) were analyzed by high-

throughput sequencing to the genus level. The results showed that soil microbial community in

the alpine treeline ecotone was consistently dominated by eight phyla which consisted of 95%

of the total microbial community, including Proteobacteria, Actinobacteria, Acidobacteria,

Firmicutes, Planctomycetes, Chloroflexi, Bacteroidetes, and Verrucomicrobia. The overall

diversity and evenness of the community were relatively stable, with an average of 0.5%

difference between seasons. The highest seasonal variability occurred at the upper boundary

of the alpine treeline ecotone, and few or almost no seasonal change was observed at lower

elevations, indicating dense forest cover and litter deposition might have created a local micro-

climate that reduced seasonal variation among the surrounding environmental conditions. Our

study was one of the first group that documented the microbial community assemblage in the

treeline ecotone on the Qinghai-Tibet Plateau.
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and assemblage. Research studying community assemblage
and diversity under the different environmental conditions
helps to predict the resilience and flexibility of the soil
ecosystem.

The alpine treeline ecotone is defined as the upper limit of
the forest in the high-mountain ecosystem. It is characterized
as freeze–thaw cycles, high solar radiation, low nutrient
supply, and limited water availability. In the treeline ecotone,
vegetation community shifts from forest to shrub or even bare
rock as the elevation increases. Along with an elevation
gradient, the microbes’ diversity and relative abundance could
change (Deslippe et al., 2012; Buckeridge et al., 2013; Zhang
et al., 2015). Because of the extreme environmental condi-
tions and constrained niche for flora and fauna, any slight
change in environment (e.g., climate regime) could induce
ecosystem shift, such as species migration and replacement
(Kupfer and Cairns, 1996; Liu et al., 2009). Recently, several
studies that focused on themicrobial community in alpine soils
have suggested that the structure and activity of the microbial
community varied among seasons and along an elevation
gradient (Margesin et al., 2009; Lazzaro et al., 2015).
Specifically, the timing and duration of the snow-melt have
affected the diversity and abundance of the microbial
community (Lipson et al., 2002; Zinger et al., 2009). All
these interesting studies have been benefited from the
modern molecular technologies. The techniques in the early
time were insufficient to identify microbes to a high taxonomic
resolution (e.g., genus), which made it difficult to draw a clear
conclusion about diversity and abundance. Recently, the
technologies have been improved, from the plate and direct
counts followed by identification via typing methods (Van-
damme et al., 1996; Johnsen et al., 2001) to molecular
techniques involved extraction of nucleic acid and analysis of
the base distribution of DNA (Torsvik et al., 1994). With the
development of DNA-based analysis methods, researchers
have identified the taxa to a much higher taxonomic
resolution, which allows us to tackle more complicated
research questions (Lipson and Schmidt, 2004; Smith et al.,
2006; Chu et al., 2010).

Our study was conducted in an alpine treeline ecotone on
the Qinghai-Tibet Plateau in western Sichuan, China. Within
an approx. 250 000 km2 mountain range, only a handful of
microbial community studies have been carried out over the
past five years, and most of them were implemented below
the treeline at low elevations. We were one of the first group
that had worked on the treeline ecotone and assessed the soil
microbial diversity. Our objective was to document the soil
microbial community structure, including taxa diversity and
seasonal variability. The research questions were: 1) What
microbial species were present in the alpine treeline ecotone?
2) How diverse was the microbial community? 3) What was
the seasonal variability of the community assemblage?

2 Materials and methods

We collected soil samples in the alpine treeline ecotone on the

Qinghai-Tibet Plateau, and identified the soil microbes using
high-throughput 16S rRNA sequencing. The microbial com-
munity diversity indices were calculated, and the seasonal
variability was examined.

2.1 Site descriptions

Soil samples were collected in Mt. Mengbi, Sichuan Province,
China. The mountain is located at the east edge of the
Qinghai-Tibet Plateau, and it connects to the Qionglai
Mountains and Daxue Mountains. Mt. Mengbi has a mountai-
nous monsoon season with a cool-rainy summer and cold-dry
winter. Surface soil (0–40 cm) within our sampling region is
typically frozen from October to May (Table 1).

The soil sampling location was nearby the coordinate
31.51°N and 102.35°E, where the elevation of the alpine
treeline ecotone ranged between 4000 m and 4200 m. We set
up three sampling zones that covered the treeline (AT, the
upper boundary of the treeline ecotone), the timberline (TL,
the low boundary), and the area between ATand TL (RC, mid-
elevation) (Table 1, Fig. 1). The alpine treeline ecotone was
covered by conifer forest with dominant species of Abies
faxoniana and Picea balfouriana. The soil texture was organic
loamy sand, classified as mountain brown coniferous forest
soil (Gong et al., 1978).

2.2 Soil sample collections

In August 2013 (warm season) and April 2014 (cold season),
two sampling events took place over a period of 7 days each
time, and a total of 18 soil samples were collected. In each
sampling event, we harvested three individual soil samples
from the topsoil (~20 cm in depth) in each of the three
sampling zones (AT, RC, and TL). In April, the soil was frozen
when we dug up the samples. Sampling locations were placed
along the contour line and approx. 40 m away from each other.
In the laboratory, the three samples from the same zone were
mixed homogeneously and combined into one sample for soil
physical characteristics analysis, DNA extractions, and
pyrosequencing.

A subset of the soil from each sample was taken out to
analyze the pH, organic carbon, and nitrogen content. Each of
these samples was run through a sequence of sieves that
were 0.02 mm, 0.05 mm, 0.25 mm, and 2 mm, and the carbon
and nitrogen analyses were done on the soils sorted in each of
these four size bins (Table 1).

2.3 DNA extraction and pyrosequencing

Six soil samples (3 sampling zones � 2 seasons) for the DNA
sequencing were sieved through a 2-mm mesh screen to
remove gravel, litter, and fine roots. Then the samples were
sent to the State Key Laboratory of Soil and Sustainable
Agriculture Institute of Soil Science (Nanjing, China) for 16S
rRNA extraction and classification. To extract rRNA, a 0.5 g
fresh soil from each sample was diluted in acidic lysis buffer
for cell lysis, supernatant was extracted from the solution,
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nucleic acids were precipitated and purified via Polymerase
Chain Reaction amplification using the forward primer 515F
and the reverse primer 907R which was targeted to identify
bacterial and archaeal taxa groups (Angenent et al., 2005; Xia
et al., 2011).

The purified amplicons were sent to high-throughput
sequencing on a Roche 454 pyrosequencer, and data were
processed in the Quantitative Insights into Microbial Ecology
(QIIME version: 1.9.1) pipeline (http://qiime.org/). After remov-
ing the low-quality sequences and assigned sequence reads
to the corresponding samples, we extracted the V4-V5 region
of the sequences and clustered them into Operational
Taxonomic Units (OTUs) at a 97% sequences identity. The
representative sequence from each OUT was selected for
taxonomic identification to the genus level using Ribosomal
Database Project (RDP) classifier (http://rdp.cme.msu.edu/)
(Huse et al., 2007; Nawrocki and Eddy, 2007; Cole et al., 2009).
The detailed experiment setting and chemical used for DNA
extraction and purification during pyrosequencing can refer to

Xia et al. (2011). The raw sequences were archived into the
NCBI Sequence Read Archive (https://www.ncbi.nlm.nih.gov/)
under accession number SRP100406.

We calculated the overall microbial diversity at different
elevations over two seasons using diversity indices: richness,
Shannon–Wiener index, and Simpson’s index. The diversity
indices were calculated at the order level because “order” was
the optimal taxonomic rank in our study (details were
discussed in the results section and Table 2). All the analyses
were performed in R language (R Core Team, 2016).
Richness was computed by summing up the number of
present taxa. Shannon and Simpson’s indices were computed
using the diversity() function of the “vegan” package based on
taxa’s relative abundance.

3 Results

3.1 The composition of soil microbial community

In the soil samples from 2013 summer and 2014 winter, there
were a total of 19 722 high-quality DNA reads, with 3287±
1226 (mean±SD) DNA read from each sample. The bacterial
community consisted of 99% of the reads, whereas the
archaeal was ~0.3%, and other 0.6% unidentified reads.

All identified reads were grouped into 32 phyla, with 13
phyla present in all samples (Table 2). Among these common
phyla, eight of them constituted 95% of the total population.
Total of Proteobacteria and Actinobacteria was ~53.4%,
followed by Acidobacteria, Firmicutes, Planctomycetes,
Chloroflexi, Bacteroidetes, and Verrucomicrobia that
accounted for 13.3%, 9.7%, 8%, 4.4%, 3.8% and 2.4% of
the population, respectively (Fig. 2). Other common phyla,
including Gemmatimonadetes, Nitrospirae, Elusimicrobia,
Armatimonadetes, and Cyanobacteria were less than 5% of
the total population. Among all 32 phyla, 78% of the taxa (25
phyla) presented in both warm and cold seasons (at least
appeared in one sample in each season). There were two
phyla, FCPU426 (0.03%) and Euryarchaeota (0.1%) that only

Table 2 The relative abundance of the identified taxa (ID-taxa) and unidentified taxa (other) in each sample, as well as the number of identified
taxa in each taxonomic group.

ATw ATc RCw RCc TLw TLc Mean percent # of taxa group

Genus Other 45.6 77.7 76.9 80 68.3 75 70.6

ID-taxa 54.4 22.3 23.1 20 31.7 25 29.4 132

Family Other 17.4 38.3 39.7 30.9 28.4 34.8 31.6

ID-taxa 82.6 61.7 60.3 69.1 71.6 65.2 68.4 136

Order Other 3.1 8.9 7.1 5.2 6.1 7.1 6.3

ID-taxa 96.9 91.1 92.9 94.8 93.9 92.9 93.7 129

Class Other 1.4 0.7 0.9 1.2 1.9 0.9 1.1

ID-taxa 98.6 99.3 99.1 98.8 98.1 99.1 98.9 94

Phylum Other 0.8 0.4 0.4 0.6 1.4 0.4 0.7

ID-taxa 99.2 99.6 99.6 99.4 98.6 99.6 99.3 32

Kingdom other 0.8 0.4 0.3 0.6 1.4 0.3 0.6

ID-taxa 99.2 99.6 99.7 99.4 98.6 99.7 99.4 2

Note: The microbial taxa in our soil samples had the optimal resolution at the “order” with an average of 94% taxa identified to 129 orders.

Fig. 1 Schematic diagram presented an alpine treeline ecotone

constrained between treeline and timberline in high-mountain

ecosystems. The soil sampling sites were located at the upper

(AT), lower (TL), and mid-elevation (RC) of the alpine treeline

transition zone.
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appeared in the summer warm season, and five phyla, OP11
(0.04%), FBP (0.02%), BHI80-139 (0.02%), NKB19 (0.04%),
and Tenericutes (0.02%) were only present in the winter cold
season. Total percent of these seasonal-specific phyla were
less than 1% of the total population.

As the taxonomic resolution increased from the rank of the
phylum to genus, there were fewer taxa identified, from 99.3%
at phylum to 29.4% at the genus level (Table 2). Among the
taxa groups at the genus level, Bacillus was the most
abundant one (32%), especially at the higher elevation (AT)
and in the summer season (Fig. 3). The following dominant
species Rhodoplanes, Bradyrhizobium, DA101, Alicycloba-
cillus had the relative abundance of 4.5%, 2.7%, 1.2%, and
0.9%, respectively. Among 132 identified genera, 24 species
(19%) were recorded in all samples, and 18 (14%) appeared
in five of the six samples. There were 38 species (29%), e.g.,
Acidiphilium, Acidocella, Actinomycetospora, and Aeromicro-
bium were present in one of the six samples, indicating that
the niche for these species was small in the alpine treeline

region.
There were 94% of the taxa identified at the rank of order.

Every soil sample had more than 90% of taxa identified at the
order level. The identified taxa at the order were 25% more
than the family, and 63% more than the genus (Table 2).
Because “order” had a higher taxonomic resolution (better
than class, phylum, and kingdom) and a better representation
of the community (94%), we used it in the following diversity
analyses.

3.2 Biodiversity and seasonal variability of soil microbial
community

The microbial diversities were relatively stable in the alpine
treeline ecotone (Table 3). Among all samples, taxa richness
was between 70 to 93 across all sites, with the seasonal
differences ranged from 1 and 19 (Table 3). The Shannon and
Simpson indices, measurements of diversity accounted for
the number of species present and the relative abundance of

Fig. 3 The relative abundance of top 7 identified genera in alpine treeline ecotone between the warm (w) and cold (c) seasons. The

unclassified genera (mainly the white space) consisted of between 45% to 77% of the microbial community. The ATstands for alpine treeline,

TL is alpine timberline, and RC is mid-elevation zone between AT and TL.

Fig. 2 Microbial communities in alpine treeline ecotone soils in warm (w) and cold (c) seasons. The figure shows only 8 phyla consisted of

95% of the community. The AT stands for alpine treeline, TL is alpine timberline, and RC is mid-elevation zone between AT and TL.
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each species, had almost no change at TL (Table 3). The
small changes in species richness and few/no change of the
Shannon and Simpson indices suggested that there was a
steady group of dominant species at the mid-elevation and the
lower boundary of the treeline ecotone, and their relative
abundance was stable between seasons.

Although the overall community assemblage was relative
stable, there was some seasonal variability, with the largest
seasonal variation occurred at the AT location. The richness
and Shannon index at AT increased by ~30%, indicating a
more sensitive microbial community at the upper treeline
ecotone. At the phylum level, the relative abundance of the
dominant taxa, Proteobacteria and Actinobacteria, increased
up to 15% from summer to winter across all sites (Fig. 2).
Oppositely, Firmicutes had the highest abundance in summer,
and it was 35 times greater compared to the winter. The

biggest seasonal increment for Firmicutes was observed at
the ATsite from winter to summer, primarily because of a great
increase in genus Bacillus which consisted of 32% of the
microbial population (Fig. 3).

Among the top 9 taxonomic groups at the order level, the
magnitude and direction of the seasonal variabilities changed
among individual taxa (Fig. 4). The seasonal difference in
relative abundance across all taxa groups was 0.56%±2.3%
(mean±SD), whereas the elevation difference within a
season was 1.2% ±3.9%. Although the elevation variability
was slightly greater than the seasonal variability, they were
not different from 0. Thus, there was no consistent pattern
across all taxa regarding the magnitude and direction of
changes. As shown in Fig. 4, Actinomycetales, Gaiellales,
Gemmatales, and Rhizobiales might prefer a cold season but
Bacillales preferred a warm season.

Fig. 4 The relative abundance of the top 9 microbial groups at the order level. The magnitude and direction of the seasonal effects were

different among taxa.

Table 3 Soil microbial Operational Taxonomic Units (OUT) and diversity indices based on the taxonomy at the order level. The seasonal
variability was greatest at the highest elevation.
Site Alpine treeline (AT) Mid elevation (RC) Alpine timberline (TL)

Season Warm Cold Warm Cold Warm Cold

OTU 560 1103 1404 1494 1327 1549

Richness 70 89 90 89 85 93

Shannon index 2.66 3.54 3.52 3.30 3.42 3.43

Simpson index 0.81 0.95 0.95 0.94 0.95 0.95

38 Soil microbial community assemblage and its seasonal variability



4 Discussion

Using high-throughput sequencing technology, we were able
to identify taxa to the genus that allowed us to demonstrate the
microbial community assemblage (mainly bacterial) in the
alpine treeline ecotone and its seasonal variability. Surpris-
ingly, compared to approximate 21 phyla in polar regions and
16 phyla in low-elevation alpine soils (Aislabie et al., 2008;
Niederberger et al., 2008; Chu et al., 2010; Lynch et al., 2012),
our study found a greater overall richness with 32 phyla in the
alpine treeline ecotone. The majority (~ 95%) of soil microbial
phyla were constantly present across seasons. Although 22%
of the phyla were unique to a particular season, these phyla
only consisted of less than 1% of the population, suggesting
that the presence-absence of microbial species in our study
region was relatively steady.

Thirteen common phyla groups, more than 95% of the
microbial population, included Proteobacteria, Actinobacteria,
Acidobacteria, Firmicutes, Planctomycetes, Chloroflexi, Bac-
teroidetes, Verrucomicrobia, Gemmatimonadetes, Nitros-
pirae, Elusimicrobia, Armatimonadetes, and Cyanobacteria.
Because of a stable species richness and evenness in the
microbial community observed in our study, we do not expect
big changes occurred in the microbial community over time.
Similar results were shown in other studies where researchers
suggested that these stable microbial communities had high
environmental resilience (Supramaniam et al., 2016). The
dominant microbial groups found in our study were not only
present in the alpine region, but also dominated the
permafrost and seasonally frozen ground (Zhou et al., 1997;
Nemergut et al., 2005; Janssen, 2006; Fierer et al., 2012). The
consistency of soil microbial phylogenetic structure across
varieties of ecosystems has further confirmed a hypothesis
proposed by a recent study in Chu’s group that microbial
communities in the globe might have a similar assemblage
(Chu et al., 2010)

Among the taxa observed in our study area, approx. 1%
had changed or replaced across sites and seasons, with more
winter-specific taxa (five phyla) than the summer ones (two
phyla). The studies on species replacement (also called
species turnover) between seasons suggested that some
microbes were only adaptable to certain ranges of tempera-
ture, soil moisture, or vegetation types (Zhou et al., 1997;
Legendre, 2014). Although the occupancy percent was
relatively small for these seasonally specific taxa groups,
the existence of these phyla might have played some
important roles in soil decomposition process that deserves
further studies.

Although the presence-absence of the dominant taxa was
relatively stable, there was a seasonal variability at the upper
boundary of the treeline ecotone. The greatest seasonal
variation occurred in Proteobacteria, Firmicutes (mainly
genus Bacillus) and Actinobacteria at AT, which might due
to a strong contrast on the temperature, from frozen soil in
winter to warm bare soil surface in summer. At lower
elevations, the environmental conditions changed relatively

moderate between seasons due to various reasons such as
vegetation cover and litter deposition. The local environment
typically has a high soil moisture content that could reduce the
daily or seasonal soil temperature fluctuation and creates a
local micro-climate for the organisms. As a result, the
microbial community’s diversity had almost no change at the
low boundary of the treeline ecotone (Aislabie et al., 2008;
Chu et al., 2010). A study focused on the alpine region of the
Colorado Rocky Mountain had found a significant relationship
between the bacterial community structure and the tempera-
ture fluctuation (Lipson, 2007). However, the effects of
temperature on different taxonomic groups are varied. For
example, Firmicutes had a relatively high abundance in
summer compared to the winter but Acidobacteria was the
opposite (Supramaniam et al., 2016). The species that
preferred the cold weather were typically characterized by
some cold resistant mechanisms, including a decline in
enzyme activity, a decrease in membrane fluidity, lower
rates of transcription, and reduction in translation and cell
division (D’Amico et al., 2006). The lower abundance of the
Firmicutes in winter time was probably due to the activity
inhibition in the cold weather, which was consistent with a
study in Antarctic cold deserts and an Alaska boreal forest soil
(Fierer et al., 2012). The microbial community diversity had a
slight increase in winter which was different from the other
studies such as a laboratory experiment implemented by
Castro et al. (2010). One explanation could be that the
laboratory study did not mimic other environmental variables
such as vegetation cover that was embedded in our field
study. The combination of multiple physical factors might have
balanced out or even out-weighted the temperature effect
(Schadt et al., 2003; Dilly et al., 2004; Lazzaro et al., 2011).
With our limited sample size, we were not able to statistically
determine the contribution and magnitude of the environ-
mental variables on microbial assemblage, which certainly
should be pursued in depth in future studies.

Our findings provided insights that the soil microbes,
particularly bacterial, in alpine treeline ecotone were relatively
stable. In the context of global climate change, the Qinghai-
Tibetan Plateau is expected to have rising temperatures in
alpine treeline ecotone (Beniston, 2003; Kullman, 2004;
Green and Pickering, 2009; Myhre et al., 2013; Pachauri et
al., 2014). Because the dominant taxa in the bacterial
community were found relatively similar, a minor increment
in the annual temperature is not expected to trigger a
significant shift in the microbial community. In a warm year,
a few cold-season taxa might be absent, but there will be other
warm-season taxa that could fill in the niche and continue the
soil decomposition processes. Other than the temperature,
climate change could also result in changes in precipitation,
soil moisture, nutrient flow, greenhouse gas concentration,
plant–soil relationships (Heal, 1999; Castro et al., 2010;
Gessner et al., 2010), as well as seasonal variations on the
litter quality (Dilly et al., 2004). As the climate change issue
becomes more recognizable to the world, we believe that
more soil studies will be conducted on the Qinghai-Tibet
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Plateau, especially focusing on the interactions between
environment drivers and microbial community. Our study
provided the first-hand documentation on bacterial community
assemblage and its seasonal variability in the region.
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