
Vol.:(0123456789)1 3

Journal of Soils and Sediments (2024) 24:323–336 
https://doi.org/10.1007/s11368-023-03627-3

SOILS, SEC 5 • SOIL AND LANDSCAPE ECOLOGY • RESEARCH ARTICLE

Soil bacterial community composition and function play roles in soil 
carbon balance in alpine timberline ecosystems

Yuanyuan Yang1,2 · Qianqian Chen2,3,4 · Yin Zhou5 · Wu Yu2,6 · Zhou Shi2

Received: 7 June 2023 / Accepted: 10 August 2023 / Published online: 26 August 2023 
© The Author(s) 2023

Abstract
Purpose Soil microbial communities and related key ecological processes play critical roles in timberline delineation and 
soil carbon balance in alpine ecosystems, which are highly vulnerable to climate change. Accordingly, understanding their 
geographical differentiation will facilitate recognition of ecosystem functions and improve soil carbon models. In this study, 
we explored the biogeographic patterns of soil bacterial communities and their mechanisms in maintaining soil carbon bal-
ance in an alpine timberline ecosystem of the Sygera Mountains, Southeast Tibet.
Materials and methods Soil samples were collected from typical forest belts above and below the timberline. The abundance 
and composition of bacterial communities, as well as functional genes, were assessed using the gene chip technology. The 
relationship of key microbial taxa, functional genes, and soil carbon maintenance was investigated using random forest 
analysis, multi-model inference, and structural equation modeling.
Results and discussion The shrubland soil bacterial community exhibited greater diversity compared with the coniferous 
forest community, with higher Shannon Index and more functional genes at the taxonomic and functional levels, respec-
tively. Bacterial community composition differed between the two forest types, with copiotrophic bacteria more abundant in 
shrubland, and oligotrophic bacteria more abundant in coniferous forest. The shrubland community was also more efficient 
at utilizing labile organic carbon, while the coniferous forest community utilized recalcitrant organic carbon more efficiently. 
Genes related to labile carbon degradation were more intense in shrubland, while genes related to recalcitrant carbon deg-
radation were more concentrated in the coniferous forest. Soil temperature and C:N ratio were dominant drivers of bacterial 
community composition and function. Besides key soil-environment and microbial properties, certain bacterial taxa and 
functional genes also exerted unique roles in soil carbon variation.
Conclusions Significant differences exist in soil bacterial community composition and functions between the two forest types 
above and below the timberline of the Sygera Mountains. These differences may be attributed to soil temperature and soil 
C:N ratio. Coupling these microbial variables into the earth system model can improve the predictive power of the carbon 
feedback process in terrestrial ecosystems.

Keywords Alpine timberline · Microbial biogeography · Community structure · Remote sensing · Tibetan Plateau

1 Introduction

Alpine timberlines are important boundaries of ecosys-
tems in altitudinal zonation that are highly vulnerable to 
climate change and therefore considered ideal monitors 
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of changes in climate (Graumlich et al. 2005). However, 
delineation of timberlines is challenging because they are 
characterized by changes in aboveground vegetation com-
munities as well as soil microbial communities, and the 
involvement of these microbial communities in key eco-
logical processes is important to their definition. Studying 
geographical differentiation of the microbial community 
structure and function of timberlines can provide microbial 
indicators and data that can be used for timberline deline-
ation, as well as contribute to understanding how alpine 
ecosystems function and respond to global climate change. 
However, studies of the distribution characteristics, evo-
lutionary processes, and material cycling involved in tim-
berline ecosystems have primarily focused on plant com-
munities (Yang et al. 2008; He et al. 2009; Xu et al. 2010; 
Liang et al. 2016; Wang et al. 2017; Shen et al. 2017; Zhou 
et al. 2018; Guo et al. 2019), while limited attention has 
been given to the overall microbial community structure 
and function (Thebault et al. 2014; Ding et al. 2015; Shen 
et al. 2016). Recently, Mayor et al. (2017) compared dif-
ferences in vegetation, soil nutrients, and microbial com-
munity structure and function in timberlines of different 
elevations around the world and found that global warming 
may cause disturbances in soil carbon cycling processes 
and functions in alpine ecosystems.

Soil carbon turnover and the stability of carbon res-
ervoirs in alpine ecosystems have significant impacts on 
the global carbon source-sink balance. Moreover, the 
soil carbon balance process is influenced by both biotic 
and abiotic factors. While soil properties, climate, spa-
tial distance, and vegetation are known to be key factors 
involved in predicting soil carbon pools, current carbon 
cycle models with high uncertainty cannot accurately 
predict changes in these cycles. Identifying other drivers 
of soil carbon balance is also a major challenge. Some 
studies have recently incorporated microbial enzymatic 
processes into terrestrial ecosystem carbon models, which 
has greatly improved the performance of models predict-
ing soil carbon fluxes (Wieder et al. 2013, 2015; Hararuk 
et al. 2015). The large, diverse, and ecologically active 
microbial communities in soil have enormous potential for 
predicting soil ecological functions such as organic carbon 
decomposition, mineralization, and stabilization (Hubbell 
2005). Therefore, some researchers have proposed cou-
pling microbial community composition and functional 
genes into terrestrial ecosystem carbon models to improve 
carbon flux prediction (Trivedi et al. 2016; Wieder et al. 
2015). However, few studies have demonstrated a direct 
correlation between microbial communities and ecosystem 
functions, including terrestrial ecosystem carbon balance 
processes (Rocca et al. 2015; Van der Wal et al. 2015; Liu 
et al. 2018). This has greatly hindered the inclusion of 

microbial communities in earth system models and other 
biogeochemical process models.

Southeast Tibet has the world’s highest timberline dis-
tribution and a typical timberline landscape, making it an 
ideal location for studying changes in alpine ecosystems 
and timberlines. Therefore, this study investigated two typi-
cal forest belts located above and below the timberline in 
the Sygera Mountains of Southeast Tibet. Specifically, the 
patterns and mechanisms that regulate the composition and 
function of soil bacterial communities near the timberline 
were investigated, as was the soil carbon balance driven by 
microbial communities. The results presented herein provide 
microbial indicators and evidence for timberline delineation 
on the Tibet Plateau as well as important information that 
will be valuable to studying timberline ecosystem functions 
such as carbon turnover and source-sinks.

The objectives of this study were to (1) describe the dif-
ferences in composition and diversity of soil bacterial com-
munities between typical forest belts above and below the 
timberline, (2) describe the differences in carbon and nitro-
gen cycling functional genes of soil bacterial communities 
between the two forest belts, (3) determine the dominant 
environmental drivers that regulate the differences in soil 
bacterial community composition and function between 
the two forest belts, and (4) identify key microbial taxa and 
functional genes that drive soil carbon content in timberline 
ecosystems based on an empirical model and elucidate their 
importance and role in the soil carbon balance pathway.

2  Materials and methods

2.1  Soil sampling and laboratory analysis

The Sygera Mountain, which is located in the middle and 
lower reaches of the Yarlung Zangbo River in Southeast 
Tibet, encompasses an area of approximately 2300  km2. The 
mountain, which is situated at the boundary between humid 
and sub-humid climate zones, is influenced by the warm and 
humid monsoon from the Indian Ocean and characterized by 
warm winters and cool summers with distinct wet and dry 
seasons. The average annual temperature is −0.73 °C and the  
annual precipitation is greater than 800 mm. The area is pri-
marily underlain by acidic brown soil. Because the study area  
has a large altitude span of 143 to 7728 m above sea level, 
the mountain is characterized by altitudinal zonation and 
different climatic zones (subtropical, temperate, and frigid). 
Farmland is mainly distributed in the low-altitude area below 
3500 m, and is mostly used for barley cultivation. As shown 
in Fig. 1, the alpine temperate dark coniferous forests are 
distributed between 3300 and 4300 m above sea level, while 
alpine shrublands and meadows are located at greater than 
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4300 m above sea level (Li et al. 2015). The main vegetation 
types in the coniferous forests include A. georgei var. smithii 
and P. likiangensis var. linzhiensis, while the shrublands and 
meadows are dominated by alpine rhododendron composed 
of R. strigillosum var. monosematum, R. tanastylum Balf.  
F. et K. Ward var. lingzhiense Fang f., and R. corchorifo-
lius L. f.. Overall, Sygera Mountain has a typical alpine  
timberline landscape. Field sampling on Sygera Moun-
tain was conducted as shown in Fig. 1. Five replicate soil 
samples were collected from the topsoil (0–15 cm) of two 
typical forest belts above and below the timberline (4320 m 
above sea level) and used to evaluate the patterns and control 
mechanisms of soil microbial communities in the timberline 
ecosystem. To reduce the likelihood of pseudo-replication, 
soil replicates were collected using a random procedure from 
points at least 500 m apart. Each replicate sample is a mix-
ture of three adjacent samples within a 10-m quadrat. Before 
sampling, all stones, small animals, debris, and litter were 
removed from the sites. Samples were collected using an 
AMS split-core sampler (AMS Inc., USA) equipped with a 
5-cm-wide and 15-cm-tall probe.

Each soil sample was subsequently divided into sub-
samples for DNA sequencing and physicochemical soil 
analyses. Soil DNA extraction and sequencing based on 
16S rRNA gene barcoding, selection, and assignment of 
Operational Taxonomic Units (OTUs) were conducted as 
described by Yang et al. (2020). The sequence dataset was 
deposited in the NCBI Sequence Read Archive database 
(http:// www. ncbi. nlm. nih. gov/) under the accession num-
ber SRP076574. The final sample-by-OTU data matrix and 
annotated taxonomy file were used to calculate the abun-
dance of phyla and diversities. The remaining sub-samples 

were air-dried and crushed to a particle size of approxi-
mately 2 mm for physicochemical analyses.

The soil organic carbon (SOC), total nitrogen, C:N 
ratio, pH, and soil moisture were measured. For SOC 
determination, samples were treated with 0.1 mol/L hydro-
chloric acid to remove inorganic carbon, after which they 
were dried in a ventilated cabinet, then subjected to dry 
combustion at 1100 °C using an HT1300 Multi C/N 3100 
analyzer (Analytik Jena AG, Germany). The total nitro-
gen was measured using the Kjeldahl method. The soil 
C:N ratio was then calculated by dividing the soil organic 
carbon by the total nitrogen. Soil pH was measured using 
a suspension of soil and water at a 1:1 ratio. Soil moisture 
was the absolute water content, which was the water con-
tent determined to be in 100 g of dried soil using the oven-
drying method. All analyses were conducted as described 
by Bao (2000).

2.2  GeoChip gene sequencing

The GeoChip is commonly used in metagenomics because of 
its convenience, speed, accuracy, and stability. This method 
can detect in situ functional genes and metabolic processes 
of different microbial communities, including carbon, nitro-
gen, phosphorus, and sulfur cycles (Zhou et al. 2015). In this 
study, we followed the protocol established by Yang et al. 
(2014) to fluorescently label qualified DNA samples, hybrid-
ize them onto a chip, detect signals, and preprocess the data. 
The specific procedures were as follows:

1. Fluorescent labeling: Cy-5 fluorescent dye was employed 
to label DNA samples using a random primer method. 

Fig. 1  Diagram of study site (Sygera Mountain) (a). Cropland, forest, grassland, and timberline ecosystems along elevation on Sygera Mountain (b)

http://www.ncbi.nlm.nih.gov/
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After labeling, the DNA was purified using a QIA kit 
(Qiagen, Valencia, CA) and then dried at 45 °C for 45 min 
in a SpeedVac (ThermoSavant, Milford, MA, USA).

2. Chip hybridization and image scanning: After adding 
120 µL of hybridization buffer to the labeled DNA sam-
ples, sample hybridization was performed at 42 °C for 
16 h using the MAUI hybridization platform (BioMicro, 
Salt Lake City, UT, USA). The hybridized chip was then 
scanned using a NimbleGen MS200 scanner (Roche, 
Madison, WI, USA) with a 633 nm laser wavelength, 
100% laser intensity, and 75% photomultiplier tube 
detector gain.

3. Data preprocessing: After scanning, the chip signals 
were preprocessed using the University of Oklahoma’s 
microarray data manager (http:// ieg. ou. edu/ micro array/) 
to reduce signal differences between samples, decrease 
random errors, improve the data distribution, and make 
data more suitable for further analysis and statistics. 
First, low-quality signals with a signal-to-noise ratio 
of less than 2.0 were removed. Next, genes that were 
detected by only one replicate sample were removed so 
that only individual probes that were detected by two or 
more replicate samples remained. Finally, the gene chip 
data were normalized and standardized by calculating 
the relative signal intensity of the probe. Specifically, 
the signal intensity of a certain probe in a sample was 
divided by the total signal intensity of all probes in the 
sample. This value was then multiplied by the mean total 
probe signal intensity of all samples, after which the 
natural logarithm of the relative signal intensity of the 
probe was taken.

2.3  Data statistics and analysis

Differences in dominant taxon abundance, diversity, and  
carbon–nitrogen functional genes of soil bacterial communi-
ties between typical forest belts above and below the timber-
line were identified by T-tests after confirming that the data 
were normally distributed. Differences in bacterial commu-
nity structure between communities at the taxonomic and 
functional levels were identified using the community struc-
ture dissimilarity test (Adonis) based on the Bray–Curtis dis-
similarity distance matrix (Anderson 2001; Bray and Curtis 
1957), with the vegan package in R (R Core Team 2014). The 
relationship between community structure at the taxonomic 
and functional levels and environmental driving factors was 
analyzed using the partial Mantel test, redundancy analysis 
(RDA), and variation partitioning analysis (VPA) with the 
stats and vegan packages in R.

The importance and pathways of microbes comprising the 
timberline ecosystem to soil carbon content prediction were 

investigated using the random forest (RF) method, multi-
model inference, and structural equation modeling (SEM).

1. The RF algorithm was used to identify key microbial 
variables that predict carbon storage, including taxa and 
functional genes. The variable importance was evalu-
ated based on the increase in mean squared error (MSE) 
caused by variable permutation, and variables with an 
MSE increase greater than 3% were selected for further 
analysis. The RF model was executed using the random-
Forest package in R.

2. Multi-model inference based on the Second-order Akai-
ka’s Information Criterion (AICc) and linear regression 
was employed to evaluate the unique effects of microbial 
variables compared with soil environmental variables 
on soil carbon prediction. Microbial variables used in 
this analysis were sorted based on their variable impor-
tance determined by the RF algorithm. The accuracy 
of all models generated by independent prediction vari-
ables (soil, environmental, and microbial) was evalu-
ated using AICc, with a smaller AICc value indicating 
a better model fit. ΔAICc > 2 was used as an indicator 
to evaluate significant differences between models, and 
the optimal model was selected accordingly. The multi-
model inference method was executed using the glmulti 
package in R.

3. SEM was used to evaluate the direct and indirect effects 
of soil, environmental, and microbial variables on soil 
carbon storage. The model fit accuracy and performance 
were evaluated using the absolute fit index χ2/df and 
the root mean square error of approximation (RMSEA), 
respectively. The SEM was executed in AMOS.

3  Results

3.1  Soil environment and microbial diversity 
of the timberline ecosystem

The habitat gradient between the two typical forest belts 
in the timberline ecotone was found to be extremely 
steep, with high environmental heterogeneity (Table 1). 
Temperature was a key factor influencing timberline for-
mation, and shrubland soil temperature was significantly 
higher than that of the coniferous forest (P = 0.001). The 
SOC content, soil C:N ratio, and soil moisture of the 
coniferous forest were significantly higher than that of 
the shrubland, while the soil total nitrogen content of 
the shrubland was significantly higher than that of the 
coniferous forest. Therefore, the shrubland had higher 
soil nutrient levels and better air and water permeability 
than the coniferous forest.

http://ieg.ou.edu/microarray/
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The Shannon index of soil bacterial community diver-
sity in the shrubland was significantly higher than that 
in the coniferous forest (P < 0.05). A greater number 
of functional genes were detected in the shrubland soil 
bacterial community, resulting in significantly higher 
functional diversity than the coniferous forest (P < 0.01). 
Non-parametric tests for community dissimilarity (Adonis) 
showed significant differences in microbial community 
composition (F = 9.26, P < 0.01) and functional structure 
(F = 11.56, P < 0.01) between the upper and lower forest 
belts in the timberline.

3.2  Microbial composition and carbon–nitrogen cycling 
functional genes in the timberline ecosystem

Taxonomic annotation based on OTUs revealed 48 phyla. Of 
these, Acidobacteria (25%), Proteobacteria (21%), Planc-
tomycetes (13%), Verrucomicrobia (8%), Chloroflexi (6%), 
AD3 (6%), Gemmatimonadetes (5%), Bacteroidetes (4%), 
Actinobacteria (3%), Nitrospirae (3%), and Firmicutes (2%) 
were the 11 most abundant phyla, with a cumulative relative 
abundance of 96%. Proteobacteria included four dominant 
classes, Alphaproteobacteria (13%), Betaproteobacteria (5%), 
Gammaproteobacteria (3%), and Deltaproteobacteria (3%). 
Among these, Alphaproteobacteria and Betaproteobacteria 
were the two most dominant classes, accounting for 85% of 
the total Proteobacteria. The relative abundance of Betapro-
teobacteria, Firmicutes, Verrucomicrobia, and Gemmatimona-
detes was significantly higher in the shrubland than in the 
coniferous forest, while that of Planctomycetes, Chloroflexi, 
and Acidobacteria was higher in the coniferous forest (Fig. 2).

A total of 120 functional genes involved in soil carbon 
cycling were detected using GeoChip, including 60 involved 
in carbon degradation and 57 involved in carbon fixation. 
There were significant differences in the intensities of 23 
carbon degradation functional genes between the coniferous 
forest and the shrubland (Fig. 3). Genes encoding enzymes 
for the degradation of labile carbohydrates such as monosac-
charides, disaccharides, and starches were generally more 
intense in the shrubland. Genes encoding enzymes for the 
degradation of recalcitrant compounds such as lipids and 
aromatic compounds such as lignin were generally more 
intense in the coniferous forest.

Among the 57 investigated carbon fixation functional genes, 
21 that participate in six natural carbon fixation pathways 

Table 1  Environmental conditions and soil properties at the sampling 
sites of timberline ecosystems

Shrubland Coniferous forest P
Mean (SD) Mean (SD)

Elevation (m) 4400 (20) 4280 (30) 0.002
MAT (°C) 1.17 (0.15) 0.89 (0.21) 0.065
MAP (mm) 698.36 (4.45) 694.58 (5.81) 0.220
NDVI 0.23 (0.01) 0.40 (0.02) 0.001
Aspect (°) 300.45 (1.12) 320.41 (3.93) 0.001
Slope (°) 20.27 (3.98) 23.38 (6.94) 0.156
SOC (g  kg−1) 43.03 (9.54) 52.92 (12.83) 0.050
Soil total nitrogen (g 

 kg−1)
2.92 (0.19) 2.55 (0.28) 0.042

Soil C:N ratio 14.73 (3.58) 20.75 (4.43) 0.040
Soil moisture (g  H2O g 

 soil−1)
0.42 (0.04) 0.54 (0.07) 0.024

Soil temperature (°C) 7.80 (0.3) 6.71 (0.5) 0.001
Soil pH  (H2O) 4.97 (0.09) 5.11 (0.14) 0.071
Taxonomic diversity 6.38 (0.32) 5.75 (0.27) 0.040
Functional diversity 22,510 (1145) 19,600 (1538) 0.008

Fig. 2  Difference in relative 
abundance of dominant phyla 
or classes between coniferous 
forest and shrubland (coniferous 
forest-shrubland)
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differed significantly between the coniferous forest and the 
shrubland (Fig. 3). Specifically, genes encoding enzymes 
for aerobic carbon fixation pathways such as the Calvin 
cycle, 3-hydroxypropionate/4-hydroxybutyrate cycle, and 3- 
hydroxypropionate bicycle were generally more intense in 
the shrubland, except for the gene encoding ribulose-1,5- 
bisphosphate carboxylase/oxygenase (Rubisco) in the Calvin 
cycle, which was more intense in the coniferous forest. Genes 
encoding enzymes for anaerobic carbon fixation pathways such 
as the dicarboxylate/4-hydroxybutyrate cycle and reductive tri-
carboxylic acid cycle were generally more intense in the conif-
erous forest, except for those encoding phosphoenolpyruvate 
carboxylase (PEPC) and aconitate hydratase (AcnA), which 
were more intense in the shrubland.

The intensity of aerobic carbon fixation pathway genes 
was significantly higher in the shrubland, while that of 
anaerobic carbon fixation pathway genes was significantly 
higher in the coniferous forest. This was mainly because of 
significant differences in soil aeration between the two forest 
types. In the cold fir coniferous forest, the closed canopy sig-
nificantly reduced the surface water evaporation rate caused 
by solar radiation, and the thicker litter layer effectively 
intercepted and retained water, resulting in significantly 
higher soil moisture and thus reduced soil aeration.

The GeoChip detected a total of 20 functional genes 
involved in nitrogen cycling processes, six of which showed 
significant differences in intensity between the coniferous 
forest and shrubland (Fig. 4). The norB, nosZ, and nifH 

Fig. 3  Comparison of functional genes involved in carbon degradation (a) and carbon fixation (b) (shrubland-coniferous forest)



329Journal of Soils and Sediments (2024) 24:323–336 

1 3

genes from the coniferous forest had higher intensity than 
those from the shrubland. These norB and nosZ genes are 
involved in the reduction of nitric oxide (NO) and nitrous 
oxide  (N2O) to nitrogen  (N2), while the nifH gene is involved 
in nitrogen fixation. Overall, these findings indicate that 
there is faster nitrogen oxide greenhouse gas conversion and 
nitrogen fixation in the coniferous forest than in the shrub-
land. In contrast, the amoA, narG, nasA, and nirA genes 
from shrubland had higher intensity than those from the 

forest. These genes are involved in the acceleration of nitri-
fication and denitrification processes. In addition, the inten-
sity of the amo gene from shrubland was also more intense, 
although this difference was not significant. The presence 
of this gene has the potential to increase soil nitrate content. 
Furthermore, genes involved in the reduction of nitrate as 
an electron acceptor (e.g., the assimilatory nitrate reduc-
tase genes nasA and nirA and the denitrification gene narG) 
showed greater intensity in the shrubland than in the forest.

3.3  Environmental factors driving microbial 
community variation in the timberline ecosystem

RDA biplots were used to investigate the influence of envi-
ronmental variables on variations in soil bacterial commu-
nity distribution (Fig. 5). Environmental variables explained 
a total of 65.2% and 60.7% of the variation in soil bacterial 
composition and function, respectively. The soil bacterial 
communities of the two forest types above and below the 
timberline were well separated along the first two axes of 
the RDA biplot. Soil temperature, C:N ratio, and normalized 
difference vegetation index (NDVI) were the environmental 
variables that had the greatest influence on bacterial com-
munity distribution (indicated by the longest arrows).

The partial Mantel test was used to eliminate the inter-
ference caused by autocorrelation between environmental 
factors and to examine the correlations between each envi-
ronmental factor and the composition and function structure 
of bacterial communities (Table 2). Soil temperature and soil 
C:N ratio were found to be most strongly correlated with the 
composition and function structure of bacterial communi-
ties, followed by mean annual temperature, NDVI, and soil 
moisture. VPA was used to explore the marginal and con-
ditional effects of each environmental variable to compare 

Fig. 4  Relative changes in detected N-cycling genes in the conifer-
ous forest relative to the shrubland.  Note: The percentage value for 
each detected gene indicates the relative fold change. The percentage 
was calculated by dividing the total signal intensities of each gene by 
the total signal intensities of all detected N-cycling genes, and then 
weighted by the fold changes (coniferous forest/shrubland) of each 
gene. Red- and green-colored genes indicated higher and lower signal 
intensities in the coniferous forest than in the shrubland, respectively. 
Grey-colored genes were not detected in samples. ***P < 0.001; **P 
< 0.01; *P< 0.05

Fig. 5  RDA bi-plot of the bacterial community composition (a) and function structure (b) in timberline ecosystems
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the contribution of environmental factors to the variation in 
bacterial communities (Table 3). This analysis showed that 
soil temperature, C:N ratio, soil moisture, and NDVI were 
the four most important environmental variables, explaining 
more than 40% of the variation. Evaluation of the marginal 
effects revealed that temperature and C:N ratio explained 
25.8% and 20.6% of the variation in bacterial community 
composition, as well as 19.8% and 16.3% of the variation in 
bacterial community function, respectively, making them 
the two variables with the highest independent explanatory 
power. Collectively, these results suggest that soil temper-
ature and C:N ratio were the dominant drivers of spatial 
variation in the composition and function structure of soil 
bacterial communities in the timberline of Sygera Mountain.

3.4  Soil carbon content driven by microbes 
in the timberline ecosystem

SOC content exhibited significant differences in the forest 
belts above and below the timberline, with a significantly 

higher SOC content being observed in the coniferous for-
est than that in the shrubland (Table 1). SOC content was 
strongly correlated with soil environmental variables such 
as soil C:N ratio, mean annual temperature (MAT), NDVI, 
and slope (Table 4). These soil and environmental attributes 
also showed significant differences between the two forest 
belts (Table 1).

Using a random forest model, we identified key microbial 
taxa and carbon cycling functional genes that predicted the 
SOC content (Fig. 6). These taxa included copiotrophic bac-
teria such as Betaproteobacteria and Bacteroidetes, as well 
as oligotrophic bacteria such as Planctomycetes and Chloro-
flexi. The functional genes identified included fungal glucose 
oxidase genes (Glucose_oxidase_fungi) and fungal alpha-
galactosidase genes (Alpha_galactosidase_fungi) involved 
in the degradation of monosaccharides and disaccharides 
(glucose and lactose). Other functional genes included  
manganese peroxidase genes (mnp) and ligninase genes 

Table 2  The relationships of bacterial community composition and 
function with environmental variables

Significance levels: ***P < 0.001; **P < 0.01; *P < 0.05. Only values 
for significant relationships were shown in the table

Variables Composition Function

r P r P

Soil temperature (°C) 0.63*** 0.001 0.60*** 0.001
Soil C:N ratio 0.57*** 0.001 0.54*** 0.001
MAT (°C) 0.35** 0.002 0.28* 0.026
NDVI 0.22* 0.034 0.19* 0.038
Soil moisture (g  H2O g  soil−1) 0.19* 0.038 0.17 0.040

Table 3  Conditional effects and 
marginal effects of environmental 
variables on the variance of 
bacterial community structure

Significance levels: ***P < 0.001; **P < 0.01; *P < 0.05; ns, not significant

Variables Composition Function

Conditional 
effects (%)

Marginal effects 
(%)

Conditional 
effects (%)

Marginal 
effects (%)

Soil temperature (°C) 28.6** 25.8** 21.6** 19.8**

Soil C:N ratio 7.3** 20.6** 4.2* 16.3**

Soil moisture (g  H2O g  soil−1) 5.4** 9.4** 5.3* 4.3ns
NDVI 3.6* 14.2** 6.3** 10.6**

MAT (°C) 3.3* 10.9* 2.3ns 9.2**

Slope (°) 3.1ns 4.5ns 2.3ns 3.5ns
MAP (mm) 2.8ns 6.7* 3.4ns 3.5ns
Soil pH  (H2O) 2.6ns 5.2ns 3.0ns 6.3*

Soil total nitrogen (g  kg−1) 2.5ns 8.5* 2.5ns 5.3ns
SOC (g  kg−1) 2.3ns 9.7* 3.8* 7.3*

Elevation (m) 1.9ns 18.9** 4.8* 9.4*

Aspect (°) 1.8ns 4.4ns 1.3ns 3.2ns
Total 65.2 60.7

Table 4  Spearman correlation coefficients between soil organic car-
bon (SOC) and soil-environment and microbial variables

Significance levels: ***P < 0.001; **P < 0.01; *P < 0.05; ns not significant

Variables r Variables r

Elevation (m) −0.67ns Soil moisture (g  H2O g  soil−1) 0.36ns
MAT (°C) −0.69* Soil pH  (H2O) 0.59ns
MAP (mm) −0.68ns Soil C:N ratio 0.87**

NDVI 0.84** Soil temperature −0.66*

Slope (°) 0.81** Taxonomic diversity −0.67ns
Aspect (°) 0.49ns Functional diversity 0.76*
Soil total 

nitrogen  
(g  kg−1)

0.17ns – –
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involved in lignin degradation, mannanase genes involved 
in hemicellulose degradation, 3-hydroxypropionate/4-
hydroxybutyrate cycle genes (3HP_CoAs) involved in car-
bon fixation, and propionyl-CoA synthetase genes (pcs) 
involved in the 3-hydroxypropionate cycle. Furthermore, 
the functional diversity index (FDI) was highly correlated 
with SOC (Table 4).

An optimal linear model based on multi-model infer-
ence explained 94% of the variation in SOC. The prediction 
variables included soil environmental properties (C:N ratio 
and NDVI), microbial composition (Betaproteobacteria 
and Planctomycetes), and carbon cycling functional genes 
(Glucose_oxidase_fungi and mnp) (Table 5). The results 
showed that, when microbial composition and functional 
genes were removed from the optimal model, the AICc 
value increased and the explanatory power of the model 
decreased (R2 = 0.87, ΔAICc = 13.49). Therefore, microbial 
variables could partially explain the variation in SOC and 
had unique effects that could not be explained by soil envi-
ronmental variables.

A structural equation model was used to analyze the 
direct and indirect effects of the timberline ecosystem, soil 
environmental properties, and microbes on SOC content 
so that the mechanisms driving organic carbon content 
could be understood from a system level. When the optimal 
model based on multi-model inference was used to param-
eterize and standardize the structural equation model, the 
structural equation model explained 90% of the SOC vari-
ation (R2 = 0.90, Fig. 7). Additionally, the impact paths of 
the driving factors in the model reached a significant level 
(P < 0.05), and χ2/df = 1.343 (P = 0.25) and RMSEA = 0.09 
(P = 0.23) met the evaluation criteria, indicating that the 
model was reasonable.

Based on the path coefficients of the model (Fig. 7, 
Table 6), soil properties, microbial composition, and func-
tional genes had a strong direct impact on SOC content, 
with direct effects of 0.72, 0.27, and −0.12, respectively. 
The direct effect of the timberline ecosystem was only 0.10 
because it mainly indirectly affected the soil carbon con-
tent by influencing vegetation, soil properties, microbial 

Fig. 6  Predictor importance of major bacterial phyla/class and C-cycle functional genes as drivers of soil carbon content based on the random 
forest model

Table 5  SOC prediction based on multi-model inference

Model A is the best-fitting model including microbial composition, function, and soil-environment predictors using AICc-based multi-model 
inference. Model B is the same model as A, but excluding the microbial variables. Model C is the best-fitting model when microbial variables 
are taken out of the multi-model inference, only soil-environment variables are freely included

Models Microbial composition Microbial function Soil-environment properties R2 AICc ΔAICc

A Betaproteobacteria +  
Planctomycetes

Glucose_oxidase_fungi + mnp C:N + NDVI 0.94 41.93

B Excluded Excluded C:N + NDVI 0.87 55.42 13.49
C Excluded Excluded C:N + NDVI + SM 0.91 54.49 12.56
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composition, and functional genes. The direct effect of soil 
C:N ratio on carbon content was the most significant, while 
it indirectly affected carbon content by regulating microbial 
composition. Overall, the total effect of the soil C:N ratio 
was 0.80, making it the main non-biological factor affect-
ing the soil carbon content in timberline ecosystems. The 
direct effect of microbial composition was 0.27, while its 
indirect effect on soil carbon content through effects on 
carbon cycling functional genes was −0.02. Overall, the 
total effect of microbial composition was 0.25, making 
it the main microbial factor affecting soil carbon content 
in timberline ecosystems. In addition, functional genes 
encoding microbial monosaccharide and lignin-degrading 
enzymes had a direct effect of −0.12, indicating they were 
an important microbial factor affecting soil carbon content 
in timberline ecosystems.

4  Discussion

4.1  Dominant environmental factors driving 
variation in timberline bacterial communities

In this study, soil temperature and soil C:N ratio were 
strongly correlated with the bacterial community structure 
at both taxonomic and functional levels, which were identi-
fied as the dominant environmental factors driving varia-
tion in soil microbial communities in timberline ecosystems. 
Bacterial taxonomic and functional diversity in the soil of 
the sparse shrubland above the timberline were significantly 
higher than those in the closed coniferous forest below the 
timberline, which was consistent with the results of previ-
ous studies (Ding et al. 2015; Shen et al. 2016; Yuan et al. 
2015). In another study, temperature was found to be the 
dominant environmental factor driving formation of the tim-
berline (Harsch et al. 2009). The changes in vegetation and 
microclimate and soil conditions induced by temperature 
fluctuations significantly affected the structure and func-
tion of soil microbial communities above and below the 
timberline (Harsch et al. 2009). The soil temperature in the 
shrubland was significantly higher than that in the conifer-
ous forest. This finding was consistent with the results of 
previous studies (Ding et al. 2015; Yuan et al. 2015) that 
showed closed canopies reduce the amount of solar radia-
tion received by the soil, resulting in significantly lower soil 
temperatures in closed forests in timberline ecosystems than 
in shrub areas at higher altitudes. Temperature can affect 
the metabolic rate of microbes on a kinetic level, thereby 
affecting growth and diversity. As environmental tempera-
ture increases, taxon richness increases rapidly (Allen et al. 
2002; Davidson and Janssens 2006; Hendershot et al. 2017). 
For example, Nottingham et al. (2018) found that microbial 
diversity along an altitude gradient decreased with decreas-
ing temperature under relatively constant soil conditions. 
However, temperature may also indirectly affect microbes by 
influencing plant growth and soil properties (Mitchell et al. 
2012; Yuan et al. 2015). For instance, Wang et al. (2015) 
reported that the strong climatic changes along an altitudinal 
gradient led to vertical differentiation of vegetation, result-
ing in higher soil C:N ratios and lower bacterial community 
diversity in higher altitude areas. In the present study, there 
were significant differences in vegetation composition above 
and below the timberline, with the coniferous forest below 
the timberline being mainly composed of cold fir and the 
shrubland above the timberline mainly composed of rho-
dodendron and Rubus. Compared with the shrubland, the 
coniferous forest has a higher leaf litter C:N ratio, which led 
to higher soil C:N ratios and lower soil nutrient availability, 
limiting microbial growth and activity (Djukic et al. 2010; 

Fig. 7  Effects of abiotic and biotic factors on SOC content based on 
structural equation modeling

Table 6  Factor effects on SOC content based on structural equation 
modeling

Latent variables Direct effects Indirect effects Total effects

Timberline 0.10 0.31 0.41
Vegetation 0 0.42 0.42
Soil 0.72 0.08 0.80
Microbial composition 0.27 −0.02 0.25
Microbial function −0.12 0 −0.12
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Zheng et al. 2018). However, alpine shrub vegetation can 
adapt to and buffer extreme low temperatures and improve 
the biochemical activity and microsite survival conditions 
of soil, making it more conducive to microbial growth (Zhou 
and Ma 2013; He et al. 2014).

4.2  Differences in taxa and carbon cycling functions 
of timberline bacterial communities

Similarly, the differences in taxonomic abundance and car-
bon cycling functional genes between forest belts above and 
below the timberline were closely related to soil nutrient 
status. At the taxonomic level, soil bacteria can be divided 
into copiotrophic bacteria and oligotrophic bacteria based 
on their carbon mineralization potential and growth rate 
(Fierer et  al. 2007). Copiotrophic bacteria, which pre-
fer nutrient-rich environments and primarily decompose 
labile soil carbon pools, include Bacteroidetes, Alphapro-
teobacteria, and Betaproteobacteria. Oligotrophic bacteria, 
which mainly decompose stable or recalcitrant soil carbon 
pools, include Acidobacteria, Planctomycetes, and Chloro-
flexi (Fierer et al. 2007; Bastian et al. 2009; Ramirez et al. 
2012). In the present study, some bacterial taxa such as 
Betaproteobacteria and Verrucomicrobia were more abun-
dant in the nutrient-rich shrubland, while Planctomycetes 
and Chloroflexi were more abundant in the nutrient-poor 
coniferous forest.

At the functional level, the intensity of genes encoding 
enzymes that degrade labile organic carbon was higher 
in the shrubland, while the intensity of genes encoding 
enzymes that degrade recalcitrant or stable organic carbon 
was higher in the coniferous forest. Therefore, the cold fir 
coniferous forest was more efficient than shrubland at deg-
radation and utilization of recalcitrant organic carbon. Other 
studies of Sygera Mountain also showed that the coniferous 
forest had higher levels of stable organic carbon in the soil 
and lower levels of active organic carbon when compared 
with shrubland (Ma et al. 2013; Zhou et al. 2015). The litter  
of cold fir coniferous forests is harder and contains more 
recalcitrant substances, particularly lignin (Zhong and Xin  
2004; Zheng et al. 2018). As a result, long-term environ-
mental selection has led to changes in bacterial community  
composition and organic carbon degradation functions. 
Recalcitrant and stable organic carbon can persist in soil 
carbon pools, where it plays an important role in maintain-
ing the long-term stability of soil carbon pools (Purton et al. 
2015; Zhang et al. 2018). With the timberline constantly 
moving upward under the background of global warming, 
the degradation and utilization of stable organic carbon will 
accelerate. This could break the soil carbon source-sink bal-
ance of the timberline and accelerate the positive feedback 
effect of climate warming.

4.3  Soil carbon balance driven by taxa 
and functional genes in timberline ecosystems

Studies of Sygera Mountain have indicated a high correlation 
between vegetation status, soil C:N ratio, and SOC content 
(Ma et al. 2012), which is consistent with the results of our 
study. The optimal model identified for predicting organic 
carbon in the present study suggested that microbial factors 
including Betaproteobacteria and Planctomycetes, fungal 
functional genes encoding glucose oxidase (Glucose_oxi-
dase_fungi), and lignin-degrading enzyme genes (mnp) had 
unique effects on soil carbon variation in the timberline eco-
system in addition to the effects of the NDVI and soil C:N 
ratio. We also used structural equation modeling to evaluate 
the roles of soil environmental factors and microbial factors 
in driving soil carbon balance at the system level. The soil 
C:N ratio directly and indirectly affected SOC content and 
was the most important non-biological factor driving soil 
carbon content. Previous studies have shown that the soil 
C:N ratio is a key factor controlling soil carbon mineraliza-
tion rate, and an excessively high soil C:N ratio suppresses 
microbial decomposition of organic matter (Djukic et al. 
2010). Additionally, the soil C:N ratio can have indirect 
effects on carbon content by affecting microbial community 
composition. Numerous studies have shown that altering the 
soil C:N ratio significantly changes the structure and diver-
sity of microbial communities, thereby changing the diver-
sity and specificity of carbon source utilization in the com-
munity (Tamilselvi et al. 2015; Xing et al. 2016). The direct 
effects of microbial composition were second only to the soil 
C:N ratio; therefore, these effects were the most important 
biological driving factor. As the primary biological agent 
of soil carbon decomposition and loss, microbes play an 
important role in soil carbon balance (Trivedi et al. 2016). 
Specifically, copiotrophic bacteria (e.g., Betaproteobacteria) 
decompose the labile carbon pool and grow rapidly, while 
oligotrophic bacteria (e.g., Planctomycetes) decompose the 
stable carbon pool. In addition, functional genes encoding 
carbon-degrading enzymes, such as genes encoding glucose 
oxidase (Glucose_oxidase_fungi), which degrade monosac-
charides, and genes encoding manganese peroxidase (mnp), 
which degrade lignin, were found to have direct effects on 
soil carbon content. Therefore, these genes are also impor-
tant biological factors driving carbon content. Monosaccha-
rides are an important component of active carbon sources 
that have strong microbial activity and directly participate in 
soil biochemical transformation processes; therefore, their 
decomposition rate directly affects the capacity of the active 
carbon pool (Coleman et al. 1983). Lignin is an important 
component of the stable carbon pool that directly determines 
the accumulation and long-term carbon sequestration capac-
ity of stable soil carbon pools through the speed of microbial 
degradation (Peng et al. 2004; Purton et al. 2015).
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Microbial community composition and functional genes 
play a unique role in explaining variations in soil carbon in 
timberline ecosystems, with unique effects that could not be 
explained by other environmental variables. These results 
demonstrate the importance of microbial communities in 
maintaining soil ecosystem function and stability. Incor-
porating these key microbial variables into earth system 
models may improve the predictive ability of land ecosys-
tem carbon feedback processes. As the timberline continues 
to shift upward under climate change, changes in microbial 
community structure and function will inevitably affect 
and disrupt soil carbon source-sink balance in timberline 
ecosystems. Our results provide theoretical support for the 
management of timberline soil carbon through artificial 
management measures to change soil environmental condi-
tions and optimize community structure, thereby improving 
the soil carbon sink potential of timberline ecosystems.

5  Conclusions

This study revealed significant differences in soil bacte-
rial community structure and function between two forest 
types (shrubland and coniferous forests) above and below 
the timberline of Sygera Mountain in the Southeast Tibet 
Plateau. Soil temperature and soil C:N ratio emerged as 
dominant driving factors which were responsible for these 
significant differences. The nutrient-rich shrubland demon-
strated a higher soil bacterial community diversity than the 
coniferous forest, with a higher abundance of copiotrophic 
bacteria and lower abundance of oligotrophic bacteria at 
the taxonomic level. Similarly, at the functional level, the 
intensity of genes encoding the degradation of labile organic 
carbon was higher in the shrubland, while genes encoding 
the degradation of recalcitrant organic carbon were higher 
in the coniferous forest. Therefore, the shrubland was more 
efficient at decomposing and utilizing labile organic carbon, 
while the coniferous forest was more efficient at decompos-
ing recalcitrant organic carbon. The study also established 
that the key bacterial taxa and functional genes involved 
in carbon degradation in the timberline ecosystem were 
important biological factors driving the timberline soil car-
bon balance, and that they had a unique explanatory effect 
on variations in timberline soil carbon. In the context of 
global climate change, changes in the structure and function 
of microbial communities will inevitably affect and disrupt 
the soil carbon source-sink balance in timberline ecosys-
tems. Overall, this study provides a theoretical basis that 
will be useful for the management of timberline soil carbon 
source-sinks on the Tibet Plateau.
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