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1 Introduction

Nitrogen (N) limitations occur in most temperate, boreal
forests and alpine tundra (Vitousek and Howarth, 1991;
Rastetter et al., 2001; DeLuca et al., 2002; Thébault et al.,
2014; Blaško et al., 2015). Biological nitrogen fixation is the

primary process that contributes to the net nitrogen input in
natural ecosystems, which is mediated by diazotrophic
communities. The nifH gene, encoding the reductase subunit
of nitrogenase, is often used to characterize diazotrophs (Zehr
et al., 2003). Diazotrophs are either free-living or symbiotically
associated with plants. Intensive studies have been con-
ducted on symbiotic diazotrophs, while more and more
studies have revealed the importance of free-living diazo-
trophs to N inputs in natural ecosystems (Reed et al., 2011;
Reed et al., 2013; Wang et al., 2017a).

Mountains are unique systems for studying how microbial
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A B S T R A C T

Mountain systems are unique for studying the responses of species distribution and diversity to

environmental changes along elevational gradients. It is well known that free-living

diazotrophic microorganisms are important to nitrogen cycling in mountain systems. However,

the elevational patterns of free-living diazotrophs and the underlying ecological processes in

controlling their turnover along broader gradients are less well documented. Here, we

investigated the pattern of diazotrophic diversity along the elevational gradient (1800 m–4100

m) in Mount Gongga of China. The results showed that the α-diversity of diazotrophs did not

change with the elevation from 1800 m to 2800 m, but decreased at elevations above 3000 m.

Such diversity pattern was driven mainly by soil total carbon, nitrogen, and plant richness.

Various diazotrophic taxa showed differential abundance-elevation relationships. Ecological

processes determining diazotrophic community assemblage shift along the elevations.

Deterministic processes were relatively stronger at both low and high elevations, whereas

stochastic processes were stronger at the middle elevation. This study also suggested a strong

relationship among aboveground plants and diazotrophs, highlighting their potential

interactions, even for free-living diazotrophs.
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communities respond to continuous changes in climate, soil,
and vegetation, and to predict the consequences of the
species distribution and diversity pattern under future climatic
scenarios (Elsen and Tingley, 2015). Various elevational
diversity patterns have been observed for trees, mammals,
birds, insects, and microbes, including a pattern of mono-
tonically decreasing diversity with increasing elevation, a
unimodal pattern with a peak at mid-elevations, and non-
significant elevational patterns (Rahbek, 1995; McCain, 2005;
Wu et al., 2013a; Shen et al., 2014; Smith et al., 2014; Rowe et
al., 2015; Sproull et al., 2015). Bryant et al. (2008) show that
bacterial taxon richness and phylogenetic diversity decrease
monotonically from the lowest to highest elevations, while
Shen et al. (2013) show that soil bacterial diversity, mainly
driven by soil pH, exhibits neither a monotonous nor unimodal
diversity pattern within the elevational gradient on Changbai
Mountain. Thus, it is necessary to elucidate the underlying
ecological mechanisms shaping microbial diversity patterns,
especially for subcommunities, such as diazotrophs. Addi-
tionally, previous researches demonstrate that variations in
the diazotrophic community structure are strongly associated
with temperature, rainfall, plant species, and soil pH (Colla-
vino et al., 2014; Desgarennes et al., 2014; Santos et al.,
2014; Rui et al., 2015). However, the abiotic and biotic
processes that shape the elevational patterns of diazotrophs
are still indefinable.

Niche-based theory and neutral theory are documented to
explain the underlying ecological processes shaping diversity
patterns (Leibold and McPeek, 2006; Dumbrell et al., 2010).
Niche-based theory assumes that species assemblages are
driven by deterministic factors, while neutral theory hypothe-
sizes that stochastic processes play key roles. Deterministic
drivers can be viewed as environmental filters for interspecific
interactions (e.g., competition, predation). Stochastic drivers
of diversity include ecological drift, birth, death, colonization,
speciation, and extinction (Tilman, 2004; Chase and Myers,
2011). The relative importance of deterministic and stochastic
processes in mediating microbial community assemblages
may be promoted or restrained by environmental changes
(Chase, 2007a; Zhou et al., 2014; Zhang et al., 2016). The
elevation-related shifts of these two processes in a mountain
system are expected; however, the relative contributions of
these processes to the assemblage of diazotrophic commu-
nities along the elevational gradients are less understood.

Mount Gongga is located at the south-eastern fringe of the
Tibetan Plateau with its highest peak of 7556 m above sea
level (a.s.l.) (Wang et al., 2005). Many studies have been
conducted on the diversity patterns of plant, animal, bacterial,
and fungal communities in Mount Gongga (Shen et al., 2001;
Wu et al., 2013b; Sun et al., 2016; Tian et al., 2017; Li et al.,
2018). However, the elevational changes of soil free-living
diazotrophs still need to be ascertained. This study aimed to
investigate: (1) soil diazotrophic diversity patterns along the
elevational gradient of Mount Gongga (1800 to 4100 m a.s.l.);
(2) the main driving forces shaping diversity patterns along the

elevational gradient; and (3) the relative contributions of
deterministic and stochastic processes in controlling diazo-
trophic communities.

2 Materials and methods

2.1 Study site descriptions

Sampling sites are located at the eastern slope of Mount
Gongga (29°01′N–30°05′N, 101°29′E–102°12′E), which is the
transitional area to the humid Sichuan basin. The elevation in
our study area ranges from 1800 to 4100 m a.s.l. Climate is
influenced by the south-eastern Pacific monsoon. The mean
annual precipitation is 1158.46 to 2661.71 mm and the annual
mean temperature is -2.68°C to 11.20°C. Great elevational
changes within a short distance result in diverse vegetation
types from the subtropical to the alpine cold vegetation (Lu
and Cheng, 2009). The vertical vegetation zones include the
evergreen or deciduous broad-leaved forest (EDBF; 1800-
2500 m a.s.l.), conifer and broad-leaved mixed forest (CBMF;
2500-2850 m a.s.l.), dark conifer forest (DCF; 2850-3600 m
a.s.l.), and alpine shrub and meadow (ASM; 3600-4100 m
a.s.l.). The main soil types include brown soil (1800-2500 m
a.s.l.), dark brown soil (2500-2850 m a.s.l.), brown coniferous
forest soils (2850-3600 m a.s.l.), and dark felty soils (3600-
4100 m a.s.l.) (Cheng and Luo, 2003; Li et al., 2013). The
detailed information is shown in Table S1 and Fig. S1.

2.2 Soil sampling, soil and plant property measurements

We collected 84 soil samples from 12 sites along the east
slope of Mount Gongga in October 2014 at the elevation
ranges from 1800 to 4100 m with about 200 m intervals
between adjacent sites, including 1800 m a.s.l., 2000 m a.s.l.,
2200 m a.s.l., 2400 m a.s.l., 2600 m a.s.l., 2800 m a.s.l., 3000
m a.s.l., 3200 m a.s.l., 3600 m a.s.l., 3800 m a.s.l., 4000 m
a.s.l., and 4100 m a.s.l. At each sampling site, five to eight
plots (10 � 10 m for each plot, >50 m apart between plots)
were established. In each plot, five soil cores (0-10 cm depth
after removing litter layer) were collected and pooled as a plot
sample.

After gentle homogenization and removal of roots and
stones in the laboratory, the moist soil was divided into two
parts. One part of soil was filtered through a 2 mm sieve after
being air-dried and stored at 4°C for soil physiochemical
property measurements. The other part was freeze-dried and
stored at -20°C for DNA extraction. The soil pH and
conductivity were determined in a soil and water suspension
with a soil:water ratio of 1:5 using a pH and conductivity meter.
Total carbon (TC) and total nitrogen (TN) were determined
using an elemental analyzer (Vario Macro Cube, Germany).
The NH4

+-N and NO3
–-N were measured by the indophenol

blue and the phenol disulfonic acid methods, respectively
(Doane and Horwáth, 2003; Weatherburn, 1967).

Mean annual precipitation (MAP) and mean annual
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temperature (MAT) were linearly calculated based on the
recordings at the two meteorological stations (Hailuogou
Station, 101°59′54”E, 29°34′34”N, 2947.8 m a.s.l., and Moxi
Station, 102°06′55”E, 29°38′59”N, 1621.7 m a.s.l.). Plant
compositions were previously surveyed by Shen et al. (2001),
and we used these data to calculate plant species richness.
We calculated the normalized difference vegetation index
(NDVI), a proxy of vegetation productivity, based on satellite
remote sensing data. NDVI values have been produced from
visible and near-infrared reflectance measurements: NDVI =
(NIR –VIS)/(NIR + VIS), where NIR represents near-infrared
light reflected by the vegetation, and VIS represents the
visible light reflected by the vegetation (Pettorelli et al., 2006;
Piao et al., 2014). In our data, at high elevations, the negative
NDVI values correspond to an absence of vegetation or snow-
covered land.

2.3 Amplification and sequence processing

Soil genomic DNA was extracted using a PowerSoil® DNA
Isolation kit (MO BIO Laboratories, Inc., CA, USA). Primers
PolF1 (5′-TGC GAI CCS AAI GCI GAC TC-3′)/AQER (5′-GAC
GAT GTA GAT YTC CTG-3′) were used for the amplification of
nifH genes tagged with a 12 bp barcode on AQER (Poly et al.,
2001; Wartiainen et al., 2008). The 25 µL PCR reaction
system included 1 μL of each 10 µM primer, 20 ng of template
DNA, and 12.5 μL of MasterMix containing Taq DNA
Polymerase, PCR Buffer, Mg2+ and dNTPs (CWBIO, China).
The PCRmixture was subjected to initial denaturation at 95°C
for 3 min, followed by 35 cycles of 94°C for 1 min, 54°C for 1
min, 72°C for 1 min, and a final extension at 72°C for 10 min.
PCR products were sequenced using an Illumina Miseq
sequencer at Chengdu Institute of Biology, CAS, China. Raw
sequence data obtained in this study were deposited in the
European Nucleotide Archive under accession No.
PRJEB22983 (http: / /www.ebi .ac.uk/ena/data/view/
PRJEB22983).

Sequence analyses were processed through the QIIME
pipeline (http://bio.cug.edu.cn/qiime/). A unique barcode-
tagged primer was used to assign sequences to each sample.
Sequence quality was checked and the low-quality
sequences were removed. Chimera sequences were
removed using Usearch 8.0 in de novo mode. Sequences
were assembled into Operational Taxonomic Units (OTUs)
based on 96% pairwise similarity using UCLUST (Farnelid et
al., 2013). Representative sequences were generated within
each cluster. We downloaded nifH gene sequences of
annotated diazotrophic taxa from the NCBI database and
established an nifH gene reference database for taxonomic
annotation (the database is available upon request). The
BLASTn program was used for sequence alignment and OTU
annotation at an 80% cutoff with the known taxonomic
information. To summarize the results from BLASTn, the
MEGAN program was used to compute and explore the
taxonomical content according to the lowest common
ancestor algorithm (Huson et al., 2007).

2.4 Null model analysis

β-diversity represents the compositional variation of species
from site to site. The null modeling approach based on β-
diversity provides a straightforward way to obtain insight on
possible community assembly mechanisms (Myers et al.,
2013). The Jaccard and Bray-Curtis similarities (in supple-
mentary information) were used in this study. The observed

similarity (Jobs) and average expected similarity (Jexp) of 999

iterations were obtained through the null model analysis. The

standard effect size (SES) is calculated as: SES = (Jobs-Jexp)/
SDexp, where SDexp represents the standard deviation of the
999 indices from the expected similarity (Jexp). SES is an
index to measure the influences of deterministic factors on
community composition and abundance. The deterministic
and stochastic processes may mediate the compositional
variations interactively.

2.5 Statistical analyses

The Jaccard dissimilarity distance (1-Jaccard similarity) was
calculated with the “vegdist” function in the R vegan package
(Oksanen et al., 2007). Principal coordinate analysis (PCoA)
was carried out by classical multidimensional scaling of the β-
diversity distance using the “pcoa” function in R ape package
(Gower, 1966; Paradis et al., 2004). The general differences in
diazotrophic communities between samples or groups were
tested by analyzing the dissimilarity (Adonis) (Clarke, 1993).

3 Results

3.1 Diazotrophic compositions along the elevational gradient

After quality trimming and chimera removal, 2 036 246 high-
quality sequences were retained from 4 279 595 raw
sequences in 84 samples. Sequences were clustered into
OTUs at a threshold of 96% similarity, and singleton OTUs
were removed. The mean number of OTUs per sample was
204 to 755. At the phylum level, 84.29% of the total sequences
were classified, including Alphaproteobacteria (68.21%),
Betaproteobacteria (14.61%), Gammaproteobacteria
(0.77%), Deltaproteobacteria (0.69%), and Cyanobacteria/
Melainabacteria (0.02%) (Fig. S2A). The average relative
abundance of each phylum varied by elevation. For example,
Alphaproteobacteria were negatively correlated with eleva-
tion; in contrast, Betaproteobacteria and Deltaproteobacteria
were positively correlated with elevation (Fig. S3).

At the genus level, 21 genera (61.48% of total sequences)
were detected (Fig. S2B). Four top abundant genera were
Bradyrhizobium, Sideroxydans, Polaromonas, and Beijer-
inckia. We used these four genera as examples to show the
differential response patterns of specific taxa to elevation. The
relative abundance of Beijerinckia did not show an obvious
variation with elevation (Fig. 1A). The relative abundance of
Bradyrhizobium significantly decreased with elevation, while
Polaromonas increased with elevation (Fig. 1B and C). The
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relative abundance of Sideroxydans remained stable at a low
elevation, and increased dramatically at elevations above
3000 m a.s.l. (Fig. 1D). Except for Beijerinckia, the other three
genera were influenced significantly by various environmental
factors (i.e., MAT, MAP, TN, TC) along the elevational gradient
(Table S2).

3.2 Elevation diversity patterns of the diazotrophic community

The alpha diversity of diazotrophs showed a similar pattern
along the elevational gradient indicated by various indices,
including Chao1 (Chao, 1984), Shannon diversity index
(Shannon et al., 1951), the observed species and Simpson
index (Simpson, 1949). The alpha diversity maintained
stability at low to middle elevations, and declined rapidly at
elevations above 3000 m a.s.l. (Fig. 2). Plant richness showed
a decreasing trend from low to high elevations and had a
positive correlation to diazotrophic alpha diversity (Tables 1
and S3, P<0.001). Furthermore, plant productivity (NDVI)
had a similar trend to the alpha diversity (Fig. 2 and Fig. S1).
Because of collinear relationships between elevation and
climate factors (Table S4), the alpha diversity indices had
obvious correlations with MAT and MAP (P<0.05; Spear-
man’s rho) (Table 1). Notably, within measured soil factors,
soil total carbon (TC) and total nitrogen (TN) showed the
highest correlations with alpha diversity. Other soil para-

meters, such as soil pH, conductivity, NH4
+-N, and NO3

–-N
also significantly correlated to the alpha diversity indices
(Table. 1 and S3, P<0.05).

Unconstrained principal coordinate analysis (PCoA)
revealed significant community structure variations with the
elevation (Fig. S4 and Tables S5 and 6, P<0.05). Remark-
ably, plant richness had the highest Spearman coefficient with
the Jaccard dissimilarity index and significantly influenced the
assembly of diazotrophs indicated by the Mantel test (Table1
and Fig. 3; R = 0.60, P = 0.001). The shift of diazotrophs was
also associated with climate changes caused by the eleva-
tional gradient. Within the soil variables examined, soil pH was
the strongest factor influencing the diazotrophic assemblage
along the elevational gradient (Table 1 and Fig. 3; R = 0.46, P
= 0.001). The environmental driving factors showed similar
correlations to diazotrophic communities when Bray-Curtis
distance was used for the analysis above (Table S7).

3.3 Ecological processes on diazotrophic community
assemblages along the elevational gradient

Deterministic selections and stochastic processes predomi-
nantly mediating the diazotrophic community assemblage
were elevation dependent. The null model based on the
Jaccard similarity distance was used to test the relative
influence of deterministic selections vs. stochastic processes

Fig. 1 Variations in the relative abundances of genus Beijerinckia (A), Bradyrhizobium (B), Polaromonas (C), and Sideroxydans (D) along

the elevational gradient. A solid black symbol indicates the relative abundance in each sample at each elevation site. Lines represent best-fit

regressions of their abundances versus elevations. Gray shadow represents 95% confidence interval.
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on the assembly of diazotrophs across the elevational
gradient. The results showed that the values of observed

similarity (Jobs) and average expected similarity (Jexp) had

significant differences at 1800 m to 2200 m and 3200 m to
4100 m (P<0.01). Additionally, SES is an indicator measuring

the deviation of Jobs from Jexp, representing the influence of

deterministic factors on communities. The second-degree
polynomial function was used to describe the relationship
between SES and elevation. It showed that the median values
of SESwere more than + 2 at 1800m to 2200m and 3200m to
4100 m (Fig. 4, R2 = 0.20, P<0.001). The results indicated
that deterministic processes played predominant roles gov-

Fig. 2 Variations in Chao1 index (A), Shannon diversity index (B), Observed species (C) and Simpson index (D) of diazotrophs with

elevations. Polynomial function was used to describe the relationships between diversity indices and elevations. Gray shadow represents

95% confidence interval.

Table 1 The correlations of α-, β-diversity of diazotrophs with abiotic variables using Spearman’s rho.

Chao1 Shannon Jaccard

R P R P R P

Elevation -0.315 0.004 -0.373 0.000 0.581 0.001

MAP -0.323 0.003 -0.400 0.000 0.568 0.001

MAT 0.322 0.003 0.398 0.000 0.568 0.001

Plant richness 0.399 0.000 0.413 0.000 0.600 0.001

NDVI 0.044 0.690 0.079 0.474 0.242 0.001

pH 0.235 0.031 0.241 0.027 0.455 0.001

Conductivity 0.376 0.000 0.380 0.000 0.207 0.001

TN 0.416 0.000 0.456 0.000 0.230 0.001

TC 0.415 0.000 0.449 0.000 0.210 0.001

C/N 0.220 0.045 0.218 0.047 0.176 0.001

NH4
+-N 0.333 0.002 0.428 0.000 0.152 0.001

NO3
–-N 0.307 0.004 0.311 0.004 0.143 0.003

MAP: Mean annual precipitation; MAT: Mean annual temperature; TN: Total nitrogen; TC: Total carbon. The significances were tested based on

10000 permutations.

140 Community assemblage of free-living diazotrophs



erning diazotrophic communities at these two elevation
ranges.

However, no significant differences were observed

between Jobs and Jexp at the middle elevations (2400 m to

3000 m, P>0.01, Table 2), and the median values of SES were
below + 2 and above -2 (Fig. 4). This implied that stochastic
processes played major roles in the diazotrophic community
assembly at the middle elevations. In this elevation range,
conifer and broad-leaved mixed forest (CBMF; 2600 m to
2800 m) and dark coniferous forests (DCF; 3000 m) were
distributed. Using the Bray-Curtis distance for the analysis
above, dynamical behaviors of the two processes on
diazotrophic communities changed consistently with those
using the Jaccard similarity distance except at 2400 m and
3200 m (Table S8). All these results indicated that changes in
selective environments along the elevational gradient could
cause shifts of the relative contributions from stochastic and
deterministic processes.

4 Discussion

4.1 Downtrend pattern of diazotrophic α-diversity with
elevation correlates with soil total C, total N, and plant
richness

The diversity of diazotrophs at low elevations was largely
distinct from those of high elevations, and the diversity
dramatically decreased at elevations above 3000 m a.s.l.
The observed diversity pattern for diazotrophs was similar to
that of total bacteria in this mountain, which showed the stair-
step pattern with an abrupt decrease between 2600 and 2800
m a.s.l. (Li et al., 2018). A possible explanation for such a
downtrend pattern in the alpha-diversity of diazotrophs is that
the elevation change had a significant effect on abiotic factors
that are important in shaping the diazotrophic community,
including temperature, precipitation, soil properties, etc. Few
species are able to tolerate an entire environmental gradient.
With a relatively moderate temperature and humidity, high
plant diversity at the low and middle elevations would maintain

a high biodiversity, while most species would be limited (e.g.,
Bradyrhizobium) when the environment is perennially cool
and moist at a high elevation (Brown, 2001). Polaromonas
and Sideroxydans, which have strategies to survive and
metabolize at low temperatures, are commonly found in
cryospheric and high-latitude environments (Hell et al., 2013;
Achberger et al., 2017). Our results agreed in that these
species had higher relative abundances at high-elevation
soils (Fig. 1C and D).

The most influential factors on α-diversity were soil TC, TN,
and plant richness. We found that the higher soil TC and TN
contents could preserve a higher diazotrophic diversity. Soil
TC or TN provides an integrative index for the soil nutrient
level, which regulates microbial nitrogen and carbon use
efficiencies and maintains microbial element homeostasis

Fig. 3 Correlations between plant richness (A), pH (B), and Jaccard dissimilarity with Mantel tests using Spearman’s rho.

Fig. 4 Changes of standard effect size (SES) in different

elevations. SES is the difference between the observed similarity

and the null expected similarity divided by the SD of community

similarity from null expectation, which is used to measure the

influence of deterministic factors on community composition and

abundance. Solid black line indicates a quadratic polynomial

curve. Gray shadow represents 95% confidence interval.
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(Mooshammer et al., 2014). Soil nutrients also affect bacterial
communities through soil acidification, supplying microele-
ments (e.g., molybdenum) that control the soil bacterial
diversity and community compositions (Wichard et al., 2009;
Liu et al., 2015). This phenomenon in our study is similar to the
response patterns of microbial diversity to the application of
organic fertilizer, which increases microbial diversity with
organic matter inputs (Tang et al., 2017; Liao et al., 2018).

Plant richness decreased from the lowest to highest
elevations and followed an interrelated pattern with diazo-
trophs. However, some studies suggest that plant and
microbial communities exhibit different patterns of diversity
across elevational gradients (Bryant et al., 2008; Fierer et al.,
2011). The inconsistent relationship between bacteria and
plant diversity is partly caused by the absence of a large
elevational gradient (e.g., 2460 m to 3380 m in Bryant et al.
(2008)) or the higher spatial heterogeneity within each
sampling elevation than among different elevations (Fierer
et al., 2011).

Two related hypotheses were provided to interpret the
congruent diversity patterns of diazotrophs and plants across
the elevational gradient. First, nitrogen-fixing bacteria can
enhance plant growth by directly influencing the availability of
nutrients and contributing to the maintenance of plant
productivity and diversity (van Der Heijden et al., 2006,
2008). Second, interrelated patterns of plants and diazotrophs
may be shaped by shared environmental drivers (e.g., MAT,
MAP, soil temperature, pH, and total nitrogen). Climate is
considered an important regulator for plant community
composition and diversity and microbial communities (Jump
and Peñuelas, 2005; Singh et al., 2010; Harrison et al., 2015).
Climate may be a potential force to shape diversity patterns of
both plants and diazotrophs. Nottingham et al. (2018) report
that temperature plays a fundamental role in driving the
coordinated patterns of plant and soil microbial diversity,
based on their survey from the Amazon rainforest to the
Andes Mountains. Furthermore, soil pH, conductivity, NH4

+-N,
NO3

–-N, TC, and TN were consistently correlated with both

plant and diazotrophic diversity (Tables 1 and S9). High plant
richness may input more abundant and diverse root exudates
and leaf litter into soils to support higher diazotrophic diversity
(Pan et al., 2011; Paul, 2016). These plant-driven soil
characteristics may trigger the convergence of plant and
diazotrophic diversity patterns.

Except for α-diversity, plant richness and elevation-asso-
ciated climate factors significantly shift the assembly of
diazotrophs (β-diversity) (Fig. 3 and Tables 1, S7). Eleva-
tion-related niches resulted in changes in climate and
vegetation types from the subtropical to the alpine cold
vegetation from 1800 m to 4100 m in this study. These forces
can structure diazotrophic communities by facilitating the
growth of resistant species and limiting microbes that have a
weak adaptation. Among the soil variables, soil pH was
recognized as a major factor driving the community structure
of diazotrophs along the elevational gradient because soil pH
could impose physiological constraints on bacteria and affect
nutrient availability directly or indirectly (Lauber et al., 2009;
Wang et al., 2017b).

4.2 Ecological processes determining diazotrophic
community assemblage shifts along the elevational gradient

Empirical studies have revealed that both deterministic and
stochastic processes are important in the development of
community assemblages, and the relative importance of
assembly processes can vary with environmental gradients
or disturbances (Chase, 2007b; Rominger et al., 2009; Guo et
al., 2014; Vellend et al., 2014; Zhang et al., 2016). We found
that stochasticity and determinacy were fluctuant along the
elevational gradient for the diazotrophic community. Determi-
nistic processes played predominant roles at low and high
elevations, but their relative importance decreased at middle
elevations.

First, our study showed that broad-leaved forests domi-
nated at low elevations. With similar forest types at low
elevations, stochastic processes would be weak compared to

Table 2 Significance tests between centroid of Jobs (observed similarity) and Jexp (average expected similarity by chance) across elevations

using PERMDISP.
Elevation Centroid of Jobs Centroid of Jexp F P

1800 0.076 0.037 9.740 0.003

2000 0.095 0.041 19.211 0.001

2200 0.098 0.049 41.273 0.001

2400 0.071 0.046 4.996 0.042

2600 0.062 0.039 3.595 0.060

2800 0.075 0.039 4.907 0.053

3000 0.054 0.041 2.366 0.165

3200 0.094 0.041 12.371 0.003

3600 0.095 0.033 19.569 0.001

3800 0.137 0.029 54.288 0.001

4000 0.070 0.038 19.080 0.001

4100 0.082 0.032 9.369 0.001
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the dominant selection effects that would promote commu-
nities to be more niche-assembled. Human disturbance is
heavy at the low elevations, which may be an additional
ineluctable selection factor. Human disturbance could
increase microbe mortality, slow the growth of the remaining
species, decrease the connectivity between species, and
ultimately result in deterministic dominance (Chase, 2010;
Vellend and Agrawal, 2010; Hawkins et al., 2015).

Second, this study showed that stochastic processes were
enhanced and the relative roles of deterministic processes
were weakened at the middle elevations. Mixed forests of
deciduous broad-leaved and coniferous species dominated at
this elevation range, a factor that may increase the environ-
mental heterogeneity. This could lead to more divergent
community compositions and weaken the deterministic
selection by reducing competition for resources (Dini-
Andreote et al., 2015). More diverse substrates (e.g., diverse
litters or root exudates) may generate different free-living
diazotrophs with less overlap. Meanwhile, the substrates
could stimulate the growth of individual species and an
idiosyncratic community assembly (Broughton et al., 2003;
Badri et al., 2013). Thus, a diverse resource environment
would reduce competitive pressures, increase the occurrence
of rare species, and lead to the dominance of stochasticity on
diazotrophic community assemblages.

Third, our results showed that stochasticity decreased at
high elevations. We speculated that cold temperatures would
constitute a strong filtering factor at the high elevations, which
would increase the relative abundance of diazotrophic
species (e.g., Polaromonas and Sideroxydans) that are
adapted to cold and anoxic habitats. Besides climate factors,
high-elevation areas are characterized by a low soil carbon
content and significant restrictions in nutrient supplies, which
may also enhance stress for diazotrophs. Hence, the harsh
environmental filtering may make deterministic selection more
important than stochastic forces.

Overall, our evidence demonstrated that diazotrophic
community assemblages depend on a complex balance
between deterministic and stochastic forces at different
elevational ranges. These results provide significant insights
into how ecological processes affect diazotrophic commu-
nities with constantly changing environments along an
elevational gradient.
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