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Highlights
® Soil microbial communities drove changes in Q1o of soil respiration

® Microbial assemblies with distinct C utilization strategies varied with altitude

® The major co-occurring microbial assemblies were important predictors of Q1o
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Abstract

Identifying the drivers of the response of soil microbial respiration to warming is
integral to accurately forecasting the carbon-climate feedbacks in terrestrial
ecosystems. Microorganisms are the fundamental drivers of soil microbial respiration
and its response to warming; however, the specific microbial communities and
properties involved in the process remain largely undetermined. Here, we identified
the associations between microbial community and temperature sensitivity (Qio) of
soil microbial respiration in alpine forests along an altitudinal gradient (from 2974 to
3558 m) from the climate-sensitive Tibetan Plateau. Our results showed that changes
in microbial community composition accounted for more variations of Q1o values than
a wide range of other factors, including soil pH, moisture, substrate quantity and
quality, microbial biomass, diversity and enzyme activities. Specifically, co-occurring
microbial assemblies (i.e., ecological clusters or modules) targeting labile carbon
consumption were negatively correlated with Qio of soil microbial respiration,
whereas microbial assemblies associated with recalcitrant carbon decomposition were
positively correlated with Q1o of soil microbial respiration. Furthermore, there were
progressive shifts of microbial assemblies from labile to recalcitrant carbon
consumption along the altitudinal gradient, supporting relatively high Q1o values in
high-altitude regions. Our results provide new insights into the link between changes
in major microbial assemblies with different trophic strategies and Qio of soil

microbial respiration along an altitudinal gradient, highlighting that warming could
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have stronger effects on microbially-mediated soil organic matter decomposition in

high-altitude regions than previously thought.
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1. Introduction

Soil contains about three times the carbon (C) stored in the atmosphere, and the
release of C from soil through microbial respiration is a major component of global
CO> fluxes (Guo et al., 2020; Raich and Potter, 1995; Raich and Schlesinger, 1992).
Consequently, changes in soil microbial respiration could have profound effects on
atmospheric CO, concentration, and thus affect future climate trajectories (Dacal et al.,
2019; Wang et al., 2018). Soil microbial respiration is susceptible to temperature
fluctuations (Bradford et al., 2019; Li et al., 2021b; Wang et al., 2016), with the
respiration rates commonly increasing with rising temperature (Karhu et al., 2014).
The response of soil microbial respiration to temperature changes is usually
represented by the term temperature sensitivity or Qio, quantified by the relative
increase in respiration rate with each 10 °C rise in temperature (Davidson and
Janssens, 2006; Xu et al., 2021; Yu et al., 2017). The Q1o value is a crucial parameter
in benchmarking the magnitude and direction of terrestrial soil C-climate feedbacks
(Davidson and Janssens, 2006; Li et al.,, 2020a). However, the magnitude of this
feedback remains uncertain due to the different effects of biotic and abiotic factors
(such as microbial activities, substrate quantity and quality) on soil respiration (Dacal
et al., 2019; Wang et al.,, 2018). In particular, microbial communities are the
fundamental drivers of soil microbial respiration (Bradford et al., 2019; Liu et al.,

2018b; Wang et al., 2020b); however, the role of soil microbial communities in



68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

regulating the response of soil microbial respiration to warming remains largely

unclear.

A growing body of literature has demonstrated that temperature sensitivity of soil
microbial respiration is significantly related to important microbial community-level
properties, including the biomass and physiology (Bradford et al., 2019; Wang et al.,
2018). For example, microbial biomass C (MBC) has been confirmed to have a
positive correlation with temperature sensitivity of soil microbial respiration (Capek
et al., 2019). In addition, physiological features of microbial community, such as
extracellular enzymatic activities, have also been quantitatively linked to the response
of soil microbial respiration to temperature changes (Chen et al., 2018; Wang et al.,
2020a). Recent studies suggest that physiological activities at the community level
were dominantly determined by the composition of microbial communities (Monteux
et al., 2018; Wieder et al., 2014). Different microbial taxa decompose various organic
matter fractions at different rates and can fundamentally alter the response of soil
microbial respiration to warming (Bai et al., 2017; Luo et al., 2020; Wang et al., 2021).
For instance, some specific bacteria (e.g., Chlamydiae and Planctomycetia) and fungi
(e.g., Agaricomycetes and Mucoromycotina) are considered as main decomposers of
recalcitrant C, while other taxa such as Tremellomycetes and Pezizomycotina can
prefer utilizing labile C (Hale et al., 2019; Sun et al., 2020). Similarly, the specific
trophic patterns of soil microbes, such as r-strategists and K-strategists, can also affect

temperature sensitivity of soil microbial respiration due to differences in substrate
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preference and C use efficiency (Bai et al., 2017; Li et al., 2021a; Luo et al., 2020).
However, soil respiration is generally considered as a “broad biological process”
involving a wide array of microbial taxa, metabolic reactions, and associated genes,
hence precluding targeting the taxa involved with classical molecular approaches
(Banerjee et al., 2016; Crowther et al., 2019). Therefore, detailed information on
specific microbial taxa that drive the responses of soil microbial respiration to
warming is still lacking. Unraveling the major microbial assemblies (groups)
associated with temperature sensitivity of soil microbial respiration is fundamental to

better forecasting the C-climate feedbacks in a warmer planet.

Here, we aimed to (1) investigate the associations between soil microbial
community composition and temperature sensitivity of soil microbial respiration, and
(2) identify major microbial assemblies associated with temperature sensitivity of soil
microbial respiration. We hypothesized that (1) shifts of soil microbial community
composition accounted for a large proportion of variations in temperature sensitivity
of soil microbial respiration; (2) particular ecological assemblies including co-
occurring microbial taxa had strong links with the temperature sensitivity of soil
microbial respiration. To test our hypotheses, we collected soil samples from 27 sites
along an altitudinal gradient on the Tibetan Plateau. This region is regarded as the
Earth’s largest and highest plateau with relatively pristine environment and high
sensitivity to climate change (Dong et al., 2020; Li et al., 2019). It has been reported

that the region is undergoing a more rapid warming than other parts of the world
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(Zhao et al., 2017), thus the responses of multiple ecosystem process to warming in
this region is currently receiving great attention (Ma et al., 2020a; Xu et al., 2021).
There were drastic changes of climatic, biotic and abiotic environmental conditions
over short vertical distances (Zeng et al.,, 2016). Moreover, soil microbial
communities had been reported to vary significantly with abiotic factors (such as soil
pH, moisture, and substrate availability etc.) along altitudinal gradient of the plateau
(Li et al., 2019; Shen et al., 2019; Wang et al., 2017). Therefore, it provides an ideal
natural platform for exploring the effect of soil microbial community on temperature
sensitivity of soil microbial respiration. We evaluated the associations between soil
microbial community-level properties (biomass, enzyme activities, bacterial and
fungal diversity and community composition) and the temperature sensitivity of soil
microbial respiration. Further, we identified the major microbial assemblies associated
with the response of soil microbial respiration to temperature changes by constructing
co-occurrence networks. The results of this study hold the potential in improving

prediction of terrestrial C turnover in response to global climate changes.

2. Materials and Methods

2.1 Study area and field sampling

The study was conducted along an altitudinal gradient in Nyingchi Prefecture on the
southeastern Tibetan Plateau (29°34'-29°37' N, 94°19'-94°22' E) (Fig. S1). The

altitude ranges from 2974 to 3558 m, with mean annual temperature declining
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significantly (R? = 0.86) from 8.6 to 4.7 °C along increasing altitude according to
WorldClim (http://www.worldclim.org). The mean temperature in the growing season
(between June and August) declined from approximately 19 to 6 °C with increasing
altitude (Chen et al., 2014; Zhuo et al., 2010). Mean annual precipitation ranges from
680 to 1134 mm, with the most of precipitation occurring in July and August (Chen et
al., 2014; Liang et al., 2009). The major ecosystem types changed from the temperate
coniferous and broadleaved mixed forests (dominated by Quercus aquifolioides and
Populus simonii) to frigid dark coniferous forests (dominated by Pinus densata and
Picea likiangensis var. linzhiensis) with increasing altitude. Other coexisting plant
species mainly included Rhododendron triflorum Hook., Caragana franchetiana
Kom., Iris latistyla and Anemone rivularis. The dominant soil types belong to
Luvisols and Cambisols based on World Reference Base for Soil Resources (IUSS
Working Group WRB, 2007). Twenty-seven sites were selected in alpine forests along
the altitudinal gradient in August 2018. At each site, a 50 m x 50 m plot was selected
and then five 1 m x 1 m sub-plots were set up to represent five replicates. Composite
soil samples (0-10 cm, from five soil cores) were collected from the understory or
adjacent open grasslands of each sub-plots. Collected soil samples were immediately
transported to the laboratory on ice. The stones and roots were carefully picked out,
and then the soil samples were divided into two portions. One was stored at —20 °C
for the analyses of microbial community (i.e., Miseq Illumina sequencing), and the

other portion was stored at 4 °C for the analyses of enzyme activities and Q1o of soil
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microbial respiration.

2.2 Analyses of soil chemical and microbial properties

Soil pH was determined at a ratio of soil to water ratio of 1. 2.5 (w/v) by a glass
electrode. Soil moisture was measured by oven-drying fresh soil for 24 h at 105 °C.
Soil organic carbon (SOC) content was determined by the K>CrO- oxidation titration
method (Walkley, 1947). Soil total nitrogen (TN) was directly quantified by an
elemental analyzer (Vario PYRO Cube, Elementar, Germany). Dissolved organic
carbon (DOC) was extracted with deionized water at a ratio of 1:4 (w/v), and then
filtered through a 0.45 uM Millipore filter. The concentrations of DOC in the extracts
were analyzed using a TOC Analyzer (vario TOC, Elementar, Germany). Labile and
recalcitrant fractions of SOC were measured using a two-step acid hydrolysis method
(Rovira and Vallejo, 2008; Wu et al., 2018). Briefly, 0.5g of soil was hydrolyzed with
25 mL of 2.5 M H,SO;4 at 105 °C for 30 min. The residue decanted by centrifuging
was washed twice with water and dried at 60 °C. The dried residue was re-hydrolyzed
with 2 mL of 13 M H2SO4 at 105 °C for 3 h, washed and then dried. The C content in
this fraction was measured using an elemental analyzer (Vario PYRO Cube,
Elementar, Germany) as recalcitrant C (ROC). The labile C (LOC) was calculated by

subtraction of ROC from total SOC.

Microbial biomass C was determined using the fumigation-extraction methods

(Vance et al., 1987). Soil enzyme activities involved in C cycling, including a-1,4-
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glucosidase (AG), B-1,4-glucosidase (BG), cellobiohydrolase (CBH) and xylanase
(XYL), were estimated by a fluorimetric microplate method (Marx et al., 2001).
Briefly, 0.5 g of fresh soil was blended in 50 mL of deionized water for 15 min. Then
each aliquot of soil homogenate was mixed with 100 pL of fluorometric substrate
solution (200 umol L) and 50 pL of acetate buffer (0.2 mol L, pH 5.5). Microplates
were then incubated for 3 h at 30 °C (Feng et al., 2018). The released fluorescence
was measured using a multifunctional fluorimetric plate reader (Tecan Spark™ 10M,
Mannedorf, Switzerland) with 360 nm excitation and 450 nm emission filters. The

activities were expressed as nmol g soil h.

2.3 Measurements of temperature sensitivity of soil microbial respiration

Temperature sensitivity of soil microbial respiration was estimated using a short-term
incubation method following many other studies (Liu et al., 2017; Wang et al., 2018).
Specifically, all soil samples were incubated for 14 days at 10 °C and 20 °C,
respectively, following the approximate air temperature ranges of growing season at
our study sites (Li et al., 2021a; Zhang et al., 2020). We selected 14 days short-term
aerobic incubation following previous studies to prevent significant changes in
microbial community composition (Li et al., 2019; Zhang et al., 2020), as the legacy
effects of environmental factors on soil microbial communities may last for years
(Awverill et al., 2016; Rousk et al., 2013). Our evaluation of Q1o can, at least potentially,
reflect the responses of soil microbial respiration to temperature changes, as done in

many previous studies (Guo et al., 2020; Johnston and Sibly, 2018; Xu et al., 2021).
10
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The fresh soil sample (10 g, equivalent dry weight) was placed in a 250 mL
incubation bottle (three replicates for each soil) and adjusted to 60% water holding
capacity (WHC), which is well-suited for microbial respiration (Li et al., 2020b). The
experimental bottles were sealed using parafilm with small holes for ventilation and to
reduce water loss (Wang et al., 2018). In total, 162 incubations were performed,
including 27 sites x 2 incubation temperatures x 3 replicates. During the incubation,
soil WHC was maintained by adding deionized water based on the weighing method
at intervals of 3-4 days (Liu et al., 2017). After 14-days incubation, we measured soil
respiration rates of all incubation bottles. Before the incubation bottles were sealed,
ambient air was continuously passed through the headspace of bottles for
approximately 30 minutes by an air distribution system. After achieving the
equilibrium stage, the incubation bottles were sealed, and 6 mL headspace samples
were collected by plastic syringes. We additionally compared the CO2 concentrations
in the bottle headspace with the ambient air, and found no significant differences
between them (P > 0.05). Moreover, the amounts of CO: in the headspace of different
bottles at the time of sealing were comparable to those in the ambient air. We also
conducted a pre-experiment to evaluate the effect of sampling time on the rates of soil
respiration. We found that the concentration of CO> increased linearly over 0-5 h
sampling period at both 10 °C and 20 °C incubation (Fig. S2; R? = 0.83 ~ 0.99),
indicating that CO2 was produced at a relatively constant rate during the sampling

period. Therefore, we evaluated the soil microbial respiration rate based on the

11
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measurement of CO> concentrations at 0 and 2 h, as done in previous studies (Chen et
al., 2019; Li et al., 2020c). After 2 hours incubation, the headspace sample of each
bottle was collected again. The concentrations of CO. were analyzed by gas
chromatography (Agilent 7890A, Agilent Technologies, USA). The rate of soil

microbial respiration was calculated using Egs. (1) (Shaaban et al., 2016):
Rs=pxV/W xAc/At x 273 /(T +273) (1)

where Rs is the soil microbial respiration rate (mg kg™ h'%); p is CO, density at
standard conditions (g L™); V is the volume of the incubation bottle (L), W is soil dry
weight (g), Ac is the gas production during the sealed 2 h (mg kg™), At is the sealed

time for gas production (h), and T is the incubation temperature (°C).

The Q10 of soil microbial respiration was calculated using Egs. (2) (Hicks Pries

etal., 2017):

10

_ (R(M)\(1,-1))
Qio= (R(Tl)) o 2)
where R(T2) and R(T1) are the CO, production rates (mg kg?* h?) in the two

incubation temperatures T1and T2 (°C), respectively.

2.4 Soil microbial community analysis

Soil DNA was extracted from 0.25 g of fresh soil stored at —20 °C using the MoBio
Power Soil DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according

to the manufacturer’s instructions. The V3-V4 region of the bacterial 16S rRNA gene

12
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and ITS of fungi were amplified using primers 338F/806R (ben Omar and Ampe,
2000; McBain et al., 2003) and ITS1F/ITS2R (Gardes and Bruns, 1993; White et al.,
1990), respectively. The purified amplicons with different barcodes were equimolarly
mixed, and 2 x 300 bp paired-end sequencing was carried out on an Illumina Miseq
sequencer (lllumina, Inc., San Diego, CA, USA). The raw sequence data were
processed using QIIME 1.7.0. The quality-filtered sequences were clustered and
operational taxonomic units (OTUs) were generated according to the 97% sequence
similarity (Metcalf et al., 2016). The diversity (Shannon index) and community
composition of bacteria and fungi were calculated based on 97% OTUs similarity of

obtained sequences.

2.5 Microbial co-occurrence network analysis

We constructed a co-occurrence network based on the relative abundances of bacterial
and fungal OTUs, and then identified main ecological clusters (modules) of strongly
associated OTUs as defined in Delgado-Baquerizo et al. (2020). To reduce rare OTUs
in the data set, the OTUs with a relative abundance more than 0.01% were chosen
(Ma et al., 2016), resulting in a dataset with 2340 taxa including 1433 bacterial and
907 fungal phylotypes (the operational taxonomic units or OTUs). We then calculated
Spearman correlation coefficients between all the OTUs using the “WGCNA”
package in R 4.0.2 (http://cran.r-project.org/) (Langfelder and Horvath, 2012). To
reduce the chances of obtaining false positive results, the Benjamini and Hochberg

FDR was used to adjust all P-values (Benjamini et al., 2006), as implemented in the
13
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“multtest” R package (Pollard et al., 2005). Robust correlations with the Spearman
correlation coefficients > 0.60 and FDR adjusted P-value < 0.01 were used to
construct the network. The network was visualized by the interactive Gephi platform
(https://gephi.org/). The nodes in this network represent the OTUs and the edges
represent the significant correlations between different OTUs. We used default
parameters from Gephi to identify modules and the modularity reached 0.658 (values >
0.4 suggest that the network has a modular structure; Shi et al., 2016). The relative
abundance of each module was calculated by averaging the standardized relative
abundances (z-score) of the taxa that belong to each module (Liu et al., 2018a). We
also calculated the degree (i.e., the number of connections for each node) of each node
in the co-occurrence network by Gephi (Jiao et al., 2020). Nodes with high degree
values were considered as keystone taxa in the co-occurrence network (Zhang et al.,

2019).

2.6 Statistical analysis

The microbial community composition was determined by using the two axes of a
non-metric multidimensional scaling (NMDS) analysis based on the Bray-Curtis
dissimilarity matrix. Mantel test was used to test the statistical differences in
microbial community composition along the altitudinal gradient, using “vegan” R
package (Oksanen et al., 2016). We used correlation analysis to identify the
relationships between Q1o of soil microbial respiration, soil properties and microbial

community-level properties. We then conducted Random Forest machine learning
14
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analysis to identify the significant environmental and microbial predictors of Qo of
soil microbial respiration using the “rfPermute” R package. We compared the
percentage increases in the mean squared error (%IncMSE) of Q1o values to estimate
the importance of different variables, with higher %IncMSE indicating more
important variables. After that, we used regression analysis to further evaluate the
relationships between Q1o of soil microbial respiration and main environmental and

microbial factors.

Structural equation modeling (SEM) was conducted to evaluate the direct and
indirect associations between altitude, soil and microbial properties and Q1o of soil
microbial respiration. A prior model was established according to the known
relationships between environmental variables and Q1o of soil microbial respiration
(Banerjee et al., 2016; Dong et al., 2020; Feng et al., 2017) (Fig. S3). We considered
that (1) altitude could drive Q1o of soil microbial respiration directly, and indirectly
through impacting soil and microbial properties; (2) soil properties could indirectly
drive Q1o of soil microbial respiration through microbial properties; (3) particular
microbial assemblies (i.e., modules) including co-occurring microbial taxa could also
directly affect Q1o of soil microbial respiration. Because the activities of four enzymes
(AG, BG, CBH and XYL) were highly positively correlated (Table S1), we used a
principal component analysis (PCA) to simplify the model and reduce the
multicollinearity (Delgado-Baquerizo et al., 2016). The first component extracted

from four enzymes (Enzyme) explained 81% of the total variance and was thus
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considered as the representative of the overall variation in enzyme activities. The
maximum likelihood method was used for parameter estimations (Boldea and Magnus,
2009). There is no universally accepted single test of overall goodness of fit for SEM.
We used two goodness of fit measures of the model including (1) the chi-squared test
(x%; the model has a good fit when 0 < ¥?/df < 2 and 0.05 < P < 1.00, and acceptable
fit when 2 < »?/df < 3 and 0.01 < P < 0.05) and (2) the root mean square error of
approximation (RMSEA,; the model has a good fit when 0 < RMSEA < 0.05 and 0.10
< P < 1.00, and acceptable fit when 0.05 < RMSEA < 0.08 and 0.05 < P < 0.10)
(Delgado-Baquerizo et al., 2017). With a good model fit, we were free to interpret the
path coefficients of the model and their associated P values. Meanwhile, we also
calculated the standardized total effects of altitude, soil and microbial properties on
the Qo0 values. All the SEM analyses were performed using AMOS 17.0 (SPSS Inc.,

Chicago, IL, USA).

3. Results

3.1 Variations in temperature sensitivity of soil microbial respiration along the

altitudinal gradient

The results of regression analysis showed that Qio of soil microbial respiration
increased significantly along the altitudinal gradient (P < 0.001; Fig. 1). We found
significant variations in soil pH (P = 0.003), moisture (P < 0.001), and substrate

quantity (SOC, DOC, P < 0.001; TN, P = 0.011) and quality (C/N, P = 0.009;
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LOC/ROC, P = 0.012; Fig. S4) along the altitudinal gradient, which were
significantly correlated with Qo of soil microbial respiration excluding pH and
LOC/ROC (P < 0.05; Fig. 2b and S5). Specifically, Q1o of soil microbial respiration
correlated positively with soil moisture (P = 0.004), carbon and nitrogen content

(SOC, P =0.026; TN, P =0.023; DOC, P =0.047) and C/N ratio (P = 0.041).

3.2 Relationships between temperature sensitivity of soil microbial respiration and

microbial properties at the community level

The Q1o values of soil microbial respiration were generally correlated with microbial
community-level properties (Fig. S6). Specifically, Qio values were positively
correlated with MBC and enzyme activities, including BG, CBH, and XYL (P < 0.05).
More importantly, both Random Forest machine learning analyses and correlation
analysis  consistently  indicated that bacterial community  composition
(Bacteria_ NMDS2) and fungal diversity (Fungi_shannon) explained the highest
proportion of variations in Qo values (Fig. 2 and S6). However, the proportion of
most dominant bacterial and fungal phyla, except for Mortierellomycota, had no
significant associations with the Q1o values (P > 0.05; Table S2). Additionally, these
microbial properties at the community level varied significantly along the altitudinal
gradient (Fig. S7 and S8). In brief, microbial biomass (MBC, P = 0.02) and enzyme
activities (AG, P = 0.041; XYL, P = 0.02) showed overall increasing trends as the
altitude increased (Fig. S7), while bacterial and fungal diversity (Shannon) declined

significantly with the increasing altitude (P < 0.05; Fig. S8). Mantel test and
17
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correlation analysis consistently indicated that bacterial and fungal community

composition also varied significantly along the altitude (P < 0.05; Fig. S6 and S9).

3.3 Microbial assemblies and their relationships with temperature sensitivity of soil

microbial respiration

Soil bacterial and fungal taxa within the co-occurrence network could be grouped into
eight major ecological modules (with nodes > 2, Fig. 3a). Among them, the relative
abundances of module #1 and #8 decreased with the increasing altitude, while module
#4 and #5 showed the opposite patterns (Fig. S10). Results of Random Forest
machine learning analysis indicated that module #1 and #4 were significant predictors
(P < 0.05) of the Qio of soil microbial respiration, even considering other
environmental factors (i.e., soil and microbial community-level properties; Fig. S11
and S12). Further regression analysis showed that the Qio values were correlated
negatively with the relative abundance of module #1 but positively with that of
module #4 (Fig. 3b). The module #1 was dominated by Alphaproteobacteria (e.g.,
Sphingomonas, Methylobacterium and Nordella), Actinobacteria (e.g., Conexibacter
and Arthrobacter), Ascomycota (e.g., Cladophialophora and Knufia). The dominant
phylotypes within module #4 were Acidobacteria (e.g., RB41), Deltaproteobacteria
(e.g., Haliangium), Basidiomycota (e.g., Clavaria). The keystone taxa in module #1
included Sphingomonas, Blastococcus and Skermanella etc., and those in module #4

included RB41, Xylophilus, Castanediella etc. (Fig. 3c, Table S3).
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3.4 The role of soil microbial communities in driving temperature sensitivity of soil

microbial respiration

Our SEM analysis provided further statistical evidence that Qio of soil microbial
respiration had a strong link with microbial properties when we concurrently
considered microbial community-level properties and other environmental properties
such as pH, moisture, SOC, TN, DOC, C/N and LOC/ROC in the model (Fig. 4).
Importantly, ecological module abundances explained the highest proportion of
variations in Qo of soil microbial respiration, with module #1 showing the largest
total standardized effect (sum of direct and indirect effects) on the Qo values.
Specifically, the relative abundance of module #1 was directly and negatively
associated with the Q1o values, while module #4 had a direct and positive relationship
with Q1o values. In contrast, soil properties were indirectly related to the Q1o of soil
microbial respiration through ecological modules and microbial diversity. However,
we did not observe significant associations of MBC and enzyme activities with Q1o of

soil microbial respiration according to the model.

4. Discussion

Our study provided empirical evidence for the important associations between soil
microbial community composition and the temperature sensitivity of soil microbial
respiration in alpine forests along the altitudinal gradient from the climate-sensitive

Tibetan Plateau. Particularly, shifts in microbial community composition were more
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closely related to temperature sensitivity of soil microbial respiration than other
environmental factors such as soil pH, moisture, and substrate quantity and quality.
More importantly, we identified major microbial assemblies (ecological clusters or
modules) with different trophic strategies that were significant predictors of the
temperature sensitivity of soil microbial respiration, providing unique information on
microbial taxa potentially associated with the response of soil microbial respiration to
temperature changes. Further, progressive shifts of microbial assemblies dominated
by the taxa preferentially utilizing labile C or recalcitrant C could be major regulators
of variations in temperature sensitivity of soil microbial respiration along the
altitudinal gradient. These findings advance our understanding of the feedbacks of

terrestrial C cycles to global climate changes.

The increased Q1o values with the increasing altitude indicate that soil microbial
respiration is more sensitive to temperature changes in cold high-altitude regions. This
is in concordance with previous studies on different latitudinal and altitudinal
gradients with distinct temperature patterns (Gutiérrez-Giron et al., 2015; Liu et al.,
2017; Wang et al., 2018). Consistent with our first hypothesis, we observed that the
variations in the Qo values along the altitudinal gradient largely depend on soil
microbial community-level properties according to our combined analyses of SEM
and Random Forest machine learning. Particularly, our findings highlight the
important role of microbial community composition in driving Q1o of soil microbial

respiration. Recent studies demonstrated that harsh environments (such as low
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substrate quality and temperature) at high-altitude areas could favor the prevalence of
particular microbial taxa that adapted to cold and oligotrophic conditions (Feng et al.,
2017; Karhu et al., 2014; Malik et al., 2020b), and further shift microbial community
by deterministic processes (Xun et al., 2019). Similarly, our results showed that
substrate quality decreased (i.e., increased C/N ratio and decreased LOC/ROC ratio)
with increasing altitude, which supported unique microbial communities responsible
for the decomposition of low-quality C (e.g., phenolic and aromatic compounds
commonly with high C/N ratio) at the high-altitude areas (Ali et al., 2018; Liu et al.,
2017). Apart from soil substrate quality status, the altitude-induced changes in
temperature could also influence soil microbial communities. Previous studies have
suggested that shifts of microbial community composition responding to altitude were
often dependent on temperature variations (Frindte et al., 2019; Ren et al., 2021). For
instance, decreased temperature along increasing altitude would favor the dominance
of fungal communities that preferentially utilize recalcitrant C, as lower temperature
was more optimal for fungal growth compared with bacteria (Cheng et al., 2021,
Whitaker et al., 2014). According to the C quality temperature hypothesis, the
decomposition of low-quality substrate (recalcitrant C) is more sensitive to
temperature changes than the high-quality substrate (labile C) because of its higher
activation energy (Lefevre et al., 2014; Wang et al., 2018). Thus, the increased Q1o of
soil microbial respiration could be partly attributed to the shifts in microbial

community composition that subjected to the decreased substrate quality and
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temperature along the altitudinal gradient. This is evident by the strong associations
between altitude, soil C/N and LOC/ROC ratios and microbial community structure,
which is in accordance with previous studies (Ding et al., 2015; Fanin and Bertrand,
2016; Frindte et al., 2019). Our study also presents that the decreased fungal diversity
had a direct relationship with the increased Q1o values along increasing altitude,
further indicating that microbial communities shaped by environmental selection
contribute to temperature sensitivity of soil microbial respiration. Furthermore,
changes in other factors (such as SOC, TN, MBC, enzyme activities etc.) along the
altitudinal gradient may also affect Q1o (Capek et al., 2019; Chen et al., 2018; Li et al.,
2020c). However, our SEM suggested no significant direct associations of these
factors with Q1o of soil microbial respiration, emphasizing the importance of
microbial community composition for predicting temperature sensitivity of soil

microbial respiration.

It is thus essential to unravel the taxonomic attributes of the microbes involved in
C metabolisms, although identifying the taxa responsible for the Qio variations
remains challenging. Soil respiration is generally considered as a “broad biological
process” involving a wide array of microbial taxa in terrestrial ecosystems (Banerjee
et al., 2016; Crowther et al., 2019). Further, different microbial taxa may utilize
resources via distinct trophic strategies, contributing differently to Qio of soil
microbial respiration at a community level. Our results indicated that the phylogenetic

groups based on high-level classification (e.g., class or phylum level) might be weak
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predictors of changes in Q1o of soil microbial respiration along the altitudinal gradient,
as most dominant bacterial and fungal taxa at the phylum level had no significant
associations with Q1o values. This weak association could be due to taxa within each
phylum that have enormous phylogenetic and physiological diversity and thus have
distinct potential to metabolize C (Li et al., 2021a). Therefore, we identified particular
ecological clusters associated with Q1o of soil microbial respiration based on the
microbial co-occurrence network analysis, where the taxa that share similar niche and
ecological functions could be grouped into the same ecological cluster (Liu et al.,
2018a; Ma et al., 2020b). The identification of co-occurring microbial assemblies has
implications for screening the microbial taxa associated with temperature sensitivity
of soil microbial respiration, though their specific functions need to be validated in the

future.

Our results are consistent with the second hypothesis that particular microbial
ecological clusters are the most important predictors of the Q1o values. For example,
keystone taxa within module #1 such as Skermanella and Blastococcus are known to
preferentially utilize labile C (Wang et al., 2021). Moreover, the most genera of
module #1 are essential members of Alphaproteobacteria and Actinobacteria (known
as r-strategists), which are more adapted to warm and nutrient-rich conditions and
efficient to mineralize labile C (Li et al., 2021a; Uksa et al., 2015; Yao et al., 2017).
These r-strategists could also invest most energy and resources into reproduction and

subsequently reduce the proportion of substrate allocated to respiration (Malik et al.,
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2020a). Thus, the decreased module #1 may lead to the increased Q1o of soil microbial
respiration with the increasing altitude. In contrast, our results imply that module #4
may have a positive effect on the Qio of soil microbial respiration. This is because
considerable members of module #4 belonged to Acidobacteria, Basidiomycota, and
Deltaproteobacteria, which are commonly classified as K-strategists (Bledsoe et al.,
2020; Yao et al.,, 2017). Previous studies indicated that Basidiomycota, and
Deltaproteobacteria were generally found to be predominant in the Antarctic and
Arctic samples and may thus represent typical colonizers of cold ecosystems (Duarte
et al., 2018; Varin et al., 2012). These K-strategists in harsh environments (i.e., low
substrate quality and temperature) commonly have slow growth rates and
preferentially utilize recalcitrant C (Hale et al., 2019; Sun et al., 2020). The
decomposition of recalcitrant C via enzymes is energy cost, and thus K-strategists are
likely to invest a large proportion of energy and resources into the respiration rather
than growth yield (Malik et al., 2020a). The positive relationship between module #4
and Qo values further confirmed that the Qo of soil microbial respiration would
increase with the prevalence of microbial K-strategists along the altitudinal gradient.
This finding was also supported by a recent measurement of the Q1o of soil microbial
respiration along the latitudinal gradient in temperate mixed forest ecosystems (Li et
al., 2021a). Therefore, these ecological clusters with different trophic strategies could
help to explain the observed variations in Q1o of soil microbial respiration along the

altitudinal gradient. However, we note that the trophic strategies of soil microbial
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community require further validation using methods such as omics (i.e., genomics,
transcriptomics, proteomics) and stable isotope tracing (Malik et al., 2020a). Future
works on trophic strategies of microbial communities and their effects on temperature

sensitivity of soil microbial respiration should consolidate our findings.

In addition, the Q1o of soil microbial respiration was also related to the fungal
community, which has been reported to have predominant ability to decompose
complex and recalcitrant C (Cheng et al., 2021; Wang et al., 2018). Thus, a large
proportion of soil fungi in the module #4, which could be attributed to the low
temperature and soil C quality conditions, may partially account for the relatively high
Q1o values at high-altitude regions (Fig. S13). These observations agree with a
previous study indicating significant associations between fungal abundance and Q1o
of soil microbial respiration in high-altitude regions of the Western Carpathians
(Klimek et al., 2016). In addition, some fungal genera within particular ecological
cluster (i.e., module #4) such as Clavaria, Botryobasidium, Hypochnicium, and
Pseudotricholoma may prefer degrading recalcitrant C, which likely stimulate the Q1o
of soil microbial respiration. We subsequently provide a conceptual framework for the
links between microbial community composition and Q1o of soil microbial respiration.
The altitude-induced differences in temperature and soil substrate quantity and quality
have significant effects on the shifts of microbial assemblies with different trophic
strategies, and eventually influence the response of soil microbial respiration to

temperature changes. In high-altitude regions with historically low temperature, the
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large accumulation of recalcitrant C favors the growth of soil microbes such as
bacterial Haliangium and fungal Clavaria, shaping microbial community dominated
by taxa that prefer utilizing recalcitrant C. Our results advance the present knowledge
by providing a list of candidate microbial taxa associated with temperature sensitivity
of soil microbial respiration, though further work needs to be done to uncover the
underlying mechanisms of how the specific taxa affect temperature sensitivity of soil

microbial respiration.

Overall, our study determines the role of soil microbial communities in affecting
Q1o of soil microbial respiration. We clearly showed that microbial community
composition is responsible for the Q1o values along the altitudinal gradient. We have
identified two major microbial assemblies associated with Q1o of soil microbial
respiration. However, microbial assemblies are characterized by distinct altitudinal
patterns that often covary with other abiotic factors such as soil pH and moisture
(Delgado-Baquerizo et al., 2018; Wang et al., 2015). Therefore, the roles of these
abiotic factors in regulating Q1o of soil microbial respiration cannot be ignored. In this
study, Q10 values was well related to soil moisture, which is concordant with the
previous studies showing that Q1o of soil respiration was positively correlated with
soil moisture (Liu et al., 2016; Zhao et al., 2017). For instance, increased soil moisture
could facilitate mobility of those microorganisms towards substrate (i.e., recalcitrant
C) due to substrate diffusion (Abera et al., 2011; Liu et al., 2019). However, it should

be noted that microbial properties, particularly microbial assemblies with different
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trophic strategies, were important predictors of the response of soil microbial
respiration even after considering these key abiotic factors. The effects of abiotic
factors (e.g., soil pH and moisture) on Q1o values could be achieved partly through
their effects on microbial community properties along the altitudinal gradient (Liu et
al.,, 2017; Zhao et al., 2017). Therefore, our results highlighted the potential
importance of shifts in microbial assemblies with different trophic strategies in

affecting temperature sensitivity of soil microbial respiration.

5. Conclusions

Our results identify how shifts of microbial assemblies from labile to recalcitrant C
utilization affect Q1o of soil microbial respiration in alpine forests along the altitudinal
gradient on the Tibetan Plateau. Progressive shifts of microbial assemblies from labile
to recalcitrant C consumption could contribute to the higher Q1o values in relatively
higher altitude regions. These findings indicate that the historically accumulated huge
amounts of C in high-altitude regions are more vulnerable to global warming. Our
study offers new insights from specific shifts in microbial assemblies to understand
Q1o of soil microbial respiration along the altitudinal gradient on the Tibetan Plateau.
By exploring the potential links between specific microbial taxa and soil C dynamics
and by incorporating those links into data-driven models, we could improve the
understanding of microbially-mediated soil C dynamics under climate warming

scenarios.

27



543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

CRediT authorship contribution statement

Xiao-Min Zeng: Conceptualization, Methodology, Validation, Formal analysis,
Investigation, Writing — original draft, Visualization. Jiao Feng: Conceptualization,
Writing — review & editing, Supervision, Funding acquisition. Ji Chen: Writing —
review & editing. Manuel Delgado-Baquerizo: Writing — review & editing, Funding
acquisition. Qianggong Zhang: Funding acquisition, Resources. Xin-Quan Zhou:
Investigation, Data curation. Yusen Yuan: Methodology. Songhui Feng:
Methodology. Kexin Zhang: Methodology. Yu-Rong Liu: Conceptualization,
Resources, Writing — review & editing, Supervision, Project administration, Funding

acquisition. Qiaoyun Huang: Supervision.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Acknowledgments

This research was supported by the National Natural Science Foundation of China
(32071595 and 41830756). We also thank the Fundamental Research Funds for the
Central Universities (Program no. 2662019PY010 and 2662019QD055), Natural
Science Fund of Hubei Province (2019CFA094), and the Strategic Priority Research
Program (A) of the Chinese Academy of Sciences (Grant No. XDA20040502). We

thank Hailong Li for his assistance in field sampling, and Jinhuang Lin for mapping
28



563

564

565

566
567
568
569

570
571
572
573

574
575
576

577
578
579
580

581
582
583
584
585

586
587

sample locations. M.D-B. is supported by a Ramon y Cajal grant from the Spanish

Government (agreement no. RYC2018-025483-1).

References

Abera, G., Wolde-meskel, E., Bakken, L.R., 2011. Carbon and nitrogen mineralization

dynamics in different soils of the tropics amended with legume residues and
contrasting soil moisture contents. Biol. Fert. Soils 48(1), 51-66.

https://doi.org/10.1007/s00374-011-0607-8.

Ali, R.S., Kandeler, E., Marhan, S., Demyan, M.S., Ingwersen, J., Mirzaeitalarposhti,

R., Rasche, F., Cadisch, G., Poll, C., 2018. Controls on microbially regulated soil
organic carbon decomposition at the regional scale. Soil Biol. Biochem. 118, 59-

68. https://doi.org/10.1016/j.s0ilbio.2017.12.007.

Averill, C., Waring, B.G., Hawkes, C.V., 2016. Historical precipitation predictably

alters the shape and magnitude of microbial functional response to soil moisture.

Global Change Biol. 22(5), 1957-1964. https://doi.org/10.1111/gch.13219.

Bai, Z., Xie, H., Kao-Kniffin, J., Chen, B., Shao, P., Liang, C., 2017. Shifts in

microbial trophic strategy explain different temperature sensitivity of CO2 flux
under constant and diurnally varying temperature regimes. FEMS Microbiol.

Ecol. 93(5), fix063. https://doi.org/10.1093/femsec/fix063.

Banerjee, S., Kirkby, C.A., Schmutter, D., Bissett, A., Kirkegaard, J.A., Richardson,

A.E., 2016. Network analysis reveals functional redundancy and keystone taxa
amongst bacterial and fungal communities during organic matter decomposition
in an arable  soil. Soil Biol. Biochem. 97, 188-198.
https://doi.org/10.1016/j.s0ilbi0.2016.03.017.

ben Omar, N., Ampe, F., 2000. Microbial community dynamics during production of

the Mexican fermented maize dough pozol. Appl. Environ. Microbiol. 66(9),
29



588

589
590
591

592
593
594
595

596
597
598

599
600
601
602

603
604
605
606

607
608
609
610
611

612
613

3664-3673. https://doi.org/10.1128/AEM.66.9.3664-3673.2000.

Benjamini, Y., Krieger, A.M., Yekutieli, D., 2006. Adaptive linear step-up procedures
that control the false discovery rate. Biometrika 93(3), 491-507.

https://doi.org/10.1093/biomet/93.3.491.

Bledsoe, R.B., Goodwillie, C., Peralta, A.L., 2020. Long-term nutrient enrichment of
an oligotroph-dominated wetland increases bacterial diversity in bulk soils and
plant rhizospheres. mSphere 5(3), €00035-00020.
https://doi.org/10.1128/mSphere.00035-20.

Boldea, O., Magnus, J.R., 2009. Maximum likelihood estimation of the multivariate
normal mixture model. J. Am. Stat. Assoc. 104(488), 1539-1549.
https://doi.org/10.1198/jasa.2009.tm08273.

Bradford, M.A., McCulley, R.L., Crowther, T.W., Oldfield, E.E., Wood, S.A., Fierer,
N., 2019. Cross-biome patterns in soil microbial respiration predictable from
evolutionary theory on thermal adaptation. Nat. Ecol. Evol. 3(2), 223-231.
https://doi.org/10.1038/s41559-018-0771-4.

Capek, P., Starke, R., Hofmockel, K.S., Bond-Lamberty, B., Hess, N., 2019. Apparent
temperature sensitivity of soil respiration can result from temperature driven
changes in microbial biomass. Soil Biol. Biochem. 135, 286-293.

https://doi.org/10.1016/j.s0ilbi0.2019.05.016.

Chen, J., Luo, Y., Garcia-Palacios, P., Cao, J., Dacal, M., Zhou, X., Li, J., Xia, J., Niu,
S., Yang, H., Shelton, S., Guo, W., van Groenigen, K.J., 2018. Differential
responses of carbon-degrading enzyme activities to warming: Implications for
soil respiration. Global Change Biol. 24(10), 4816-4826.
https://doi.org/10.1111/gcb.14394.

Chen, L., Flynn, D.F.B., Zhang, X., Gao, X., Lin, L., Luo, J.,, Zhao, C., 2014.

Divergent patterns of foliar *C and N in Quercus aquifolioides with an
30



614
615
616

617
618
619
620

621
622
623
624
625

626
627
628
629

630
631
632

633
634
635

636
637
638
639

altitudinal transect on the Tibetan Plateau: an integrated study based on multiple
key leaf  functional traits. J. Plant Ecol. 8(3), 303-312.
https://doi.org/10.1093/jpe/rtu020.

Chen, L., Liu, L., Qin, S., Yang, G., Fang, K., Zhu, B., Kuzyakov, Y., Chen, P., Xu, Y.,
Yang, Y., 2019. Regulation of priming effect by soil organic matter stability over
a broad geographic scale. Nat. Commun. 10(1), 5112.
https://doi.org/10.1038/s41467-019-13119-z.

Cheng, J., Yang, Y., Yuan, M.M., Gao, Q., Wu, L., Qin, Z., Shi, Z.J., Schuur, E.A.G.,
Cole, J.R., Tiedje, J.M., Zhou, J., 2021. Winter warming rapidly increases carbon
degradation capacities of fungal communities in tundra soil: Potential
consequences on carbon stability. Mol. Ecol. 30(4), 926-937.
https://doi.org/10.1111/mec.15773.

Crowther, T.W., van den Hoogen, J., Wan, J., Mayes, M.A., Keiser, A.D., Mo, L.,
Auverill, C., Maynard, D.S., 2019. The global soil community and its influence on
biogeochemistry. Science 365, eaav0550.

https://doi.org/10.1126/science.aav0550.

Dacal, M., Bradford, M.A., Plaza, C., Maestre, F.T., Garcia-Palacios, P., 2019. Soil
microbial respiration adapts to ambient temperature in global drylands. Nat. Ecol.

Evol. 3(2), 232-238. https://doi.org/10.1038/s41559-018-0770-5.

Davidson, E.A., Janssens, l.A., 2006. Temperature sensitivity of soil carbon
decomposition and feedbacks to climate change. Nature 440(7081), 165-173.
https://doi.org/10.1038/nature04514.

Delgado-Baquerizo, M., Bissett, A., Eldridge, D.J., Maestre, F.T., He, J.Z., Wang, J.T.,
Hamonts, K., Liu, Y.R., Singh, B.K., Fierer, N., 2017. Palaeoclimate explains a
unique proportion of the global variation in soil bacterial communities. Nat. Ecol.

Evol. 1(9), 1339-1347. https:/doi.org/10.1038/541559-017-0259-7.

31



640
641
642
643
644

645
646
647
648

649
650
651
652
653
654
655

656
657
658
659

660
661
662
663

664
665
666

Delgado-Baquerizo, M., Maestre, F.T., Eldridge, D.J., Bowker, M.A., Ochoa, V.,
Gozalo, B., Berdugo, M., Val, J., Singh, B.K., 2016. Biocrust-forming mosses
mitigate the negative impacts of increasing aridity on ecosystem
multifunctionality in  drylands. New  Phytol. 209(4), 1540-1552.
https://doi.org/10.1111/nph.13688.

Delgado-Baquerizo, M., Oliverio, A.M., Brewer, T.E., Benavent-Gonzalez, A.,
Eldridge, D.J., Bardgett, R.D., Maestre, F.T., Singh, B.K., Fierer, N., 2018. A
global atlas of the dominant bacteria found in soil. Science 359(6373), 320-+.
https://doi.org/10.1126/science.aap9516.

Delgado-Baquerizo, M., Reich, P.B., Trivedi, C., Eldridge, D.J., Abades, S., Alfaro,
F.D., Bastida, F., Berhe, A.A., Cutler, N.A., Gallardo, A., Garcia-Velazquez, L.,
Hart, S.C., Hayes, P.E., He, J.Z, Hseu, Z.Y., Hu, HW., Kirchmair, M.,
Neuhauser, S., Perez, C.A., Reed, S.C., Santos, F., Sullivan, B.W., Trivedi, P,
Wang, J.T., Weber-Grullon, L., Williams, M.A., Singh, B.K., 2020. Multiple
elements of soil biodiversity drive ecosystem functions across biomes. Nat. Ecol.

Evol. 4(2), 210-220. https://doi.org/10.1038/s41559-019-1084-y.

Ding, J., Zhang, Y., Wang, M., Sun, X., Cong, J., Deng, Y., Lu, H., Yuan, T., Van
Nostrand, J.D., Li, D., Zhou, J., Yang, Y., 2015. Soil organic matter quantity and
quality shape microbial community compositions of subtropical broadleaved

forests. Mol. Ecol. 24(20), 5175-5185. https://doi.org/10.1111/mec.13384.

Dong, L., Zeng, W., Wang, A., Tang, J., Yao, X., Wang, W., 2020. Response of soil
respiration and its components to warming and dominant species removal along
an elevation gradient in alpine meadow of the Qinghai-Tibetan Plateau. Environ.

Sci. Technol. 54(17), 10472-10482. https://doi.org/10.1021/acs.est.0c01545.

Duarte, AW.F., Dos Santos, J.A., Vianna, M.V., Vieira, J.M.F., Mallagutti, V.H.,
Inforsato, F.J., Wentzel, L.C.P., Lario, L.D., Rodrigues, A., Pagnocca, F.C.,

Pessoa Junior, A., Duraes Sette, L., 2018. Cold-adapted enzymes produced by
32



667
668

669
670
671
672

673
674
675
676
677

678
679
680
681
682

683
684
685
686

687
688
689

690
691
692

fungi from terrestrial and marine Antarctic environments. Crit. Rev. Biotechnol.

38(4), 600-619. https://doi.org/10.1080/07388551.2017.1379468.

Fanin, N., Bertrand, 1., 2016. Aboveground litter quality is a better predictor than
belowground microbial communities when estimating carbon mineralization
along a land-use gradient. Soil Biol. Biochem. 94, 48-60.
https://doi.org/10.1016/j.s0ilbi0.2015.11.007.

Feng, J., Wu, J., Zhang, Q., Zhang, D., Li, Q., Long, C., Yang, F., Chen, Q., Cheng, X.,
2018. Stimulation of nitrogen-hydrolyzing enzymes in soil aggregates mitigates
nitrogen constraint for carbon sequestration following afforestation in subtropical
China. Soil Biol. Biochem. 123, 136-144.
https://doi.org/10.1016/j.s0ilbi0.2018.05.013.

Feng, W., Liang, J., Hale, L.E., Jung, C.G., Chen, J., Zhou, J., Xu, M., Yuan, M., Wu,
L., Bracho, R., Pegoraro, E., Schuur, E.A.G., Luo, Y. 2017. Enhanced
decomposition of stable soil organic carbon and microbial catabolic potentials by
long-term field warming. Global Change Biol. 23(11), 4765-4776.
https://doi.org/10.1111/gcb.13755.

Frindte, K., Pape, R., Werner, K., Loffler, J., Knief, C., 2019. Temperature and soil
moisture control microbial community composition in an arctic-alpine ecosystem
along elevational and micro-topographic gradients. ISME J. 13(8), 2031-2043.
https://doi.org/10.1038/s41396-019-0409-9.

Gardes, M., Bruns, T.D., 1993. ITS primers with enhanced specificity for
basidiomycetes--application to the identification of mycorrhizae and rusts. Mol.

Ecol. 2(2), 113-118. https://doi.org/10.1111/j.1365-294x.1993.th00005.x.

Guo, X., Gao, Q., Yuan, M., Wang, G., Zhou, X., Feng, J., Shi, Z., Hale, L., Wu, L.,
Zhou, A., Tian, R, Liu, F., Wu, B., Chen, L., Jung, C.G., Niu, S., Li, D., Xu, X.,

Jiang, L., Escalas, A., Wu, L., He, Z., Van Nostrand, J.D., Ning, D., Liu, X., Yang,

33


https://doi.org/10.1080/07388551.2017.1379468.

693
694
695
696

697
698
699
700

701
702
703
704
705

706
707
708

709
710
711

712
713
714
715

716
717
718

Y., Schuur, E.A.G., Konstantinidis, K.T., Cole, J.R., Penton, C.R., Luo, Y., Tiedje,
J.M., Zhou, J., 2020. Gene-informed decomposition model predicts lower soil
carbon loss due to persistent microbial adaptation to warming. Nat. Commun.

11(1), 4897. https://doi.org/10.1038/s41467-020-18706-z.

Gutiérrez-Giron, A., Diaz-Pinés, E., Rubio, A., Gavilan, R.G., 2015. Both altitude and
vegetation affect temperature sensitivity of soil organic matter decomposition in
Mediterranean ~ high  mountain  soils.  Geoderma  237-238, 1-8.

https://doi.org/10.1016/j.geoderma.2014.08.005.

Hale, L., Feng, W., Yin, H., Guo, X., Zhou, X., Bracho, R., Pegoraro, E., Penton, C.R.,
Wu, L., Cole, J., Konstantinidis, K.T., Luo, Y., Tiedje, J.M., Schuur, E.A.G.,
Zhou, J., 2019. Tundra microbial community taxa and traits predict
decomposition parameters of stable, old soil organic carbon. ISME J. 13(12),

2901-2915. https://doi.org/10.1038/s41396-019-0485-X.

Hicks Pries, C.E., Castanha, C., Porras, R.C., Torn, M.S., 2017. The whole-soil carbon
flux in response to warming. Science 355(6332), 1420-1423.
https://doi.org/10.1126/science.aal1319.

IUSS Working Group World reference base for soil resources 2006, first update 2007.
World soil resources reports no.103. in World soil resources reports no. 103, FAQ,

Rome, Italy.

Jiao, S., Yang, Y., Xu, Y., Zhang, J., Lu, Y., 2020. Balance between community
assembly processes mediates species coexistence in agricultural soil
microbiomes across eastern China. ISME J. 14(1), 202-216.
https://doi.org/10.1038/s41396-019-0522-9.

Johnston, A.S.A., Sibly, R.M., 2018. The influence of soil communities on the
temperature sensitivity of soil respiration. Nat. Ecol. Evol. 2(10), 1597-1602.
https://doi.org/10.1038/s41559-018-0648-6.

34



719
720
721
722
723

724
725
726
727

728
729
730

731
732
733
734
735

736
737
738
739
740

741
742
743
744

Karhu, K., Auffret, M.D., Dungait, J.A., Hopkins, D.W., Prosser, J.l., Singh, B.K,,
Subke, J.A., Wookey, P.A., Agren, G.l., Sebastia, M.T., Gouriveau, F., Bergkvist,
G., Meir, P, Nottingham, A.T., Salinas, N., Hartley, I.P., 2014. Temperature
sensitivity of soil respiration rates enhanced by microbial community response.

Nature 513(7516), 81-84. https://doi.org/10.1038/nature13604.

Klimek, B., Jelonkiewicz, L., Niklinska, M., 2016. Drivers of temperature sensitivity
of decomposition of soil organic matter along a mountain altitudinal gradient in
the Western Carpathians. Ecol. Res. 31(5), 609-615.
https://doi.org/10.1007/s11284-016-1369-4.

Langfelder, P., Horvath, S., 2012. Fast R functions for robust correlations and
hierarchical clustering. J. Stat. Softw. 46(11).
https://doi.org/10.18637/jss.v046.i11.

Lefevre, R., Barre, P., Moyano, F.E., Christensen, B.T., Bardoux, G., Eglin, T,
Girardin, C., Houot, S., Katterer, T., van Oort, F., Chenu, C., 2014. Higher
temperature sensitivity for stable than for labile soil organic carbon--evidence
from incubations of long-term bare fallow soils. Global Change Biol. 20(2), 633-

640. https://doi.org/10.1111/gcb.12402.

Li, H,, Yang, S., Semenov, M.V, Yao, F, Ye, J,, Bu, R., Ma, R., Lin, J., Kurganova, .,
Wang, X., Deng, Y., Kravchenko, I., Jiang, Y., Kuzyakov, Y., 2021a. Temperature
sensitivity of SOM decomposition is linked with a K-selected microbial
community. Global Change Biol. 27(12), 2763-2779.
https://doi.org/10.1111/gcb.15593.

Li, J., Baath, E., Pei, J., Fang, C., Nie, M., 2021b. Temperature adaptation of soil
microbial respiration in alpine, boreal and tropical soils: An application of the
square root (Ratkowsky) model. Glob Chang Biol. 27(6), 1281-1292.
https://doi.org/10.1111/gcb.15476.

35



745
746
747

748
749
750

751
752
753
754
755

756
757
758
759
760

761
762
763

764
765
766
767

768
769
770

Li, J., Pei, J., Pendall, E., Fang, C., Nie, M., 2020a. Spatial heterogeneity of
temperature sensitivity of soil respiration: A global analysis of field observations.

Soil Biol. Biochem. 141, 107675. https://doi.org/10.1016/j.50i1bi0.2019.107675.

Li, J., Pei, J., Pendall, E., Reich, P.B., Noh, N.J., Li, B., Fang, C., Nie, M., 2020b.
Rising temperature may trigger deep soil carbon loss across forest ecosystems.

Adv. Sci. 9(17), 2001242. https://doi.org/10.1002/advs.202001242.

Li, X., Xie, J., Zhang, Q., Lyu, M., Xiong, X., Liu, X., Lin, T., Yang, Y., 2020c.
Substrate availability and soil microbes drive temperature sensitivity of soil
organic carbon mineralization to warming along an elevation gradient in
subtropical Asia. Geoderma 364, 114198.
https://doi.org/10.1016/j.geoderma.2020.114198.

Li, Y., Lv, W,, Jiang, L., Zhang, L., Wang, S., Wang, Q., Xue, K., Li, B., Liu, P., Hong,
H., Renzen, W., Wang, A., Luo, C., Zhang, Z., Dorji, T., Tas, N., Wang, Z., Zhou,
H., Wang, Y., 2019. Microbial community responses reduce soil carbon loss in
Tibetan alpine grasslands under short-term warming. Global Change Biol. 25(10),

3438-3449. https://doi.org/10.1111/gcb.14734.

Liang, E.Y., Shao, X.M., Xu, Y., 2009. Tree-ring evidence of recent abnormal
warming on the southeast Tibetan Plateau. Theor. Appl. Clim. 98(1-2), 9-18.
https://doi.org/10.1007/s00704-008-0085-6.

Liu, L., Wang, X., Lajeunesse, M.J., Miao, G., Piao, S., Wan, S., Wu, Y., Wang, Z.,
Yang, S., Li, P,, Deng, M., 2016. A cross-biome synthesis of soil respiration and
its determinants under simulated precipitation changes. Glob Chang Biol. 22(4),

1394-1405. https://doi.org/10.1111/gch.13156.

Liu, M., Sui, X., Hu, Y., Feng, F., 2019. Microbial community structure and the
relationship with soil carbon and nitrogen in an original Korean pine forest of

Changbai Mountain, China. BMC Microbiol. 19(1), 218.

36



771

772
773
774
775

776
7
778
779

780
781
782
783

784
785
786

787
788
789
790

791
792
793
794

795
796

https://doi.org/10.1186/s12866-019-1584-6.

Liu, Y., He, N., Zhu, J., Xu, L., Yu, G., Niu, S., Sun, X., Wen, X., 2017. Regional

variation in the temperature sensitivity of soil organic matter decomposition in
China's forests and grasslands. Global Change Biol. 23(8), 3393-3402.
https://doi.org/10.1111/gch.13613.

Liu, Y.R., Delgado-Baquerizo, M., Bi, L., Zhu, J., He, J.Z., 2018a. Consistent

responses of soil microbial taxonomic and functional attributes to mercury
pollution across China. Microbiome 6(1), 183. https://doi.org/10.1186/s40168-
018-0572-7.

Liu, Y.R., Delgado-Baquerizo, M., Wang, J.-T., Hu, H.-W., Yang, Z., He, J.-Z., 2018b.

New insights into the role of microbial community composition in driving soil
respiration rates. Soil Biol. Biochem. 118, 35-41.
https://doi.org/10.1016/j.s0ilbi0.2017.12.003.

Luo, Z., Tang, Z., Guo, X., Jiang, J., Sun, O.J., 2020. Non-monotonic and distinct

temperature responses of respiration of soil microbial functional groups. Soil

Biol. Biochem. 148, 107902. https://doi.org/10.1016/j.s0ilbi0.2020.107902.

Ma, Jiang, X., Liu, G., Yao, L., Liu, W,, Pan, Y., Zuo, Y., 2020a. Environmental

Factors and Microbial Diversity and Abundance Jointly Regulate Soil Nitrogen
and Carbon Biogeochemical Processes in Tibetan Wetlands. Environ. Sci.

Technol. 54(6), 3267-3277. https://doi.org/10.1021/acs.est.9b06716.

Ma, B., Wang, H., Dsouza, M., Lou, J., He, Y., Dai, Z., Brookes, P.C., Xu, J., Gilbert,

J.A., 2016. Geographic patterns of co-occurrence network topological features
for soil microbiota at continental scale in eastern China. ISME J. 10(8), 1891-

1901. https://doi.org/10.1038/ismej.2015.261.

Ma, B., Wang, Y., Ye, S., Liu, S., Stirling, E., Gilbert, J.A., Faust, K., Knight, R.,

Jansson, J.K., Cardona, C., Rottjers, L., Xu, J., 2020b. Earth microbial co-
37


https://doi.org/10.1186/s12866-019-1584-6

797
798

799
800
801
802

803
804
805
806

807
808
809

810
811
812
813
814

815
816
817
818
819
820
821

822

occurrence network reveals interconnection pattern across microbiomes.

Microbiome 8(1), 82. https://doi.org/10.1186/s40168-020-00857-2.

Malik, A.A., Martiny, J.B.H., Brodie, E.L., Martiny, A.C., Treseder, K.K., Allison,
S.D., 2020a. Defining trait-based microbial strategies with consequences for soil
carbon cycling under climate change. ISME J. 14(1), 1-9.
https://doi.org/10.1038/s41396-019-0510-0.

Malik, A.A., Swenson, T., Weihe, C., Morrison, E.W., Martiny, J.B.H., Brodie, E.L.,
Northen, T.R., Allison, S.D., 2020b. Drought and plant litter chemistry alter
microbial gene expression and metabolite production. ISME J. 14(9), 2236-2247.
https://doi.org/10.1038/s41396-020-0683-6.

Marx, M.C., Wood, M., Jarvis, S.C., 2001. A microplate fluorimetric assay for the
study of enzyme diversity in soils. Soil Biol. Biochem. 33, 1633-1640.
https://doi.org/10.1016/S0038-0717(01)00079-7.

McBain, A.J., Bartolo, R.G., Catrenich, C.E., Charbonneau, D., Ledder, R.G., Rickard,
A.H., Symmons, S.A., Gilbert, P., 2003. Microbial characterization of biofilms in
domestic drains and the establishment of stable biofilm microcosms. Appl.
Environ. Microbiol. 69(1), 177-185. https://doi.org/10.1128/AEM.69.1.177-
185.2003.

Metcalf, J.L., Xu, Z.Z., Weiss, S., Lax, S., Van Treuren, W., Hyde, E.R., Song, S.J.,
Amir, A., Larsen, P., Sangwan, N., Haarmann, D., Humphrey, G.C., Ackermann,
G., Thompson, L.R., Lauber, C., Bibat, A., Nicholas, C., Gebert, M.J., Petrosino,
J.F.,, Reed, S.C., Gilbert, J.A., Lynne, A.M., Bucheli, S.R., Carter, D.O., Knight,
R., 2016. Microbial community assembly and metabolic function during
mammalian  corpse  decomposition.  Science  351(6269), 158-162.

https://doi.org/10.1126/science.aad2646.

Monteux, S., Weedon, J.T., Blume-Werry, G., Gavazov, K., Jassey, V.E.J., Johansson,

38



823
824
825

826
827
828

829
830
831

832
833
834

835
836
837

838
839
840
841

842
843
844
845

846
847
848

M., Keuper, F., Olid, C., Dorrepaal, E., 2018. Long-term in situ permafrost thaw
effects on bacterial communities and potential aerobic respiration. ISME J. 12(9),

2129-2141. https://doi.org/10.1038/s41396-018-0176-z.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., O’hara, R., Simpson, G.L., Solymos, P.J.VR.F.fS.C., 2016. vegan:

Community Ecology Package. R package version 2.4-3.

Pollard, K.S., Dudoit, S., van der Laan, M.J., 2005. Multiple testing procedures: the
multtest package and applications to genomics, Bioinformatics and

computational biology solutions using R and bioconductor. Springer, pp. 249-271.

Raich, J.W., Potter, C.S., 1995. Global patterns of carbon-dioxide emissions from
soils. Global Biogeochem. Cycles 9(1), 23-36.
https://doi.org/10.1029/949gb02723.

Raich, JW., Schlesinger, W.H., 1992. The global carbon dioxide flux in soil
respiration and its relationship to vegetation and climate. Tellus B. B 44(2), 81-

99. https://doi.org/10.1034/j.1600-0889.1992.t01-1-00001.x.

Ren, C., Zhou, Z., Guo, Y., Yang, G., Zhao, F., Wei, G., Han, X., Feng, L., Feng, Y.,
Ren, G., 2021. Contrasting patterns of microbial community and enzyme activity
between rhizosphere and bulk soil along an elevation gradient. Catena 196.

https://doi.org/10.1016/j.catena.2020.104921.

Rousk, J., Smith, A.R., Jones, D.L., 2013. Investigating the long-term legacy of
drought and warming on the soil microbial community across five European
shrubland  ecosystems.  Glob  Chang  Biol. 19(12), 3872-3884.
https://doi.org/10.1111/gcb.12338.

Rovira, P., Vallejo, V.R., 2008. Examination of thermal and acid hydrolysis
procedures in characterization of soil organic matter. Commun. Soil Sci. Plant

Anal. 31(1-2), 81-100. https://doi.org/10.1080/00103620009370422.
39


https://doi.org/10.1034/j.1600-0889.1992.t01-1-00001.x

849
850
851

852
853
854
855

856
857
858

859
860
861
862

863
864
865
866

867
868
869

870
871
872
873

874

Shaaban, M., Peng, Q.-a., Lin, S., Wu, Y., Khalid, M.S., Wu, L., Mo, Y., Hu, R., 2016.
Dolomite application enhances CH4 uptake in an acidic soil. Catena 140, 9-14.

https://doi.org/10.1016/j.catena.2016.01.014.

Shen, C., Shi, Y., Fan, K., He, J.S., Adams, J.M., Ge, Y., Chu, H., 2019. Soil pH
dominates elevational diversity pattern for bacteria in high elevation alkaline
soils on the Tibetan Plateau. FEMS Microbiol. Ecol. 95(2), fiz003.
https://doi.org/10.1093/femsec/fiz003.

Shi, S., Nuccio, E.E., Shi, ZJ., He, Z., Zhou, J., Firestone, M.K., 2016. The
interconnected rhizosphere: High network complexity dominates rhizosphere

assemblages. Ecol. Lett. 19(8), 926-936. https://doi.org/10.1111/ele.12630.

Sun, Y.F, Liu, Z., Zhang, Y.Q., Lai, Z.R., She, W.W., Bai, Y.X., Feng, W., Qin, S.G.,
2020. Microbial communities and their genetic repertoire mediate the
decomposition of soil organic carbon pools in revegetation shrublands in a desert

in northern China. Eur. J. Soil Sci. 71, 93-105. https://doi.org/10.1111/ejss.12824.

Uksa, M., Schloter, M., Endesfelder, D., Kublik, S., Engel, M., Kautz, T., Kopke, U.,
Fischer, D., 2015. Prokaryotes in subsoil-evidence for a strong spatial separation
of different phyla by analysing co-occurrence networks. Front. Microbiol. 6,

1269. https://doi.org/10.3389/fmich.2015.01269.

Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for
measuring soil microbial biomass C. Soil Biol. Biochem. 19(6), 703-707.

https://doi.org/10.1016/0038-0717(87)90052-6.

Varin, T., Lovejoy, C., Jungblut, A.D., Vincent, W.F., Corbeil, J., 2012. Metagenomic
analysis of stress genes in microbial mat communities from Antarctica and the
High Acrctic. Appl. Environ. Microbiol. 78(2), 549-559.
https://doi.org/10.1128/AEM.06354-11.

Walkley, A., 1947. A critical examination of a rapid method for determining organic
40


https://doi.org/10.1128/AEM.06354-11.

875
876
877

878
879
880
881

882
883
884
885

886
887
888
889

890
891
892
893

894
895
896
897

898
899
900

carbon in soils - effect of variations in digestion conditions and of inorganic soil
constituents. Soil Sci. 63(4), 251-264. https://doi.org/10.1097/00010694-
194704000-00001.

Wang, J.-T., Zheng, Y.-M., Hu, H.-W., Zhang, L.-M., Li, J., He, J.-Z., 2015. Soil pH
determines the alpha diversity but not beta diversity of soil fungal community
along altitude in a typical Tibetan forest ecosystem. J. Soil Sediment 15(5),

1224-1232. https://doi.org/10.1007/s11368-015-1070-1.

Wang, J.Y., Ren, CJ., Feng, X.X., Zhang, L., Doughty, R., Zhao, F.Z., 2020a.
Temperature sensitivity of soil carbon decomposition due to shifts in soil
extracellular enzymes after afforestation. Geoderma 374, 114426.

https://doi.org/10.1016/j.geoderma.2020.114426.

Wang, Q., He, N., Yu, G., Gao, Y., Wen, X., Wang, R., Koerner, S.E., Yu, Q., 2016.
Soil microbial respiration rate and temperature sensitivity along a north-south
forest transect in eastern China: Patterns and influencing factors. J. Geophys.

Res-Biogeo. 121(2), 399-410. https://doi.org/10.1002/2015jg003217.

Wang, Q., Liu, S., Tian, P., 2018. Carbon quality and soil microbial property control
the latitudinal pattern in temperature sensitivity of soil microbial respiration
across Chinese forest ecosystems. Global Change Biol. 24(7), 2841-2849.
https://doi.org/10.1111/gcb.14105.

Wang, X., Zhang, W., Liu, Y., Jia, Z., Li, H., Yang, Y., Wang, D., He, H., Zhang, X.,
2021. Identification of microbial strategies for labile substrate utilization at
phylogenetic classification using a microcosm approach. Soil Biol. Biochem. 153,

107970. https://doi.org/10.1016/j.s0ilbi0.2020.107970.

Wang, Y., Li, C., Kou, Y., Wang, J., Tu, B, Li, H., Li, X., Wang, C., Yao, M., 2017.
Soil pH is a major driver of soil diazotrophic community assembly in Qinghai-

Tibet alpine meadows. Soil Biol. Biochem. 115, 547-555.

41



901

902
903
904
905

906
907
908
909
910

911
912
913
914

915
916
917
918

919
920
921
922

923
924
925
926

https://doi.org/10.1016/j.s0ilbio.2017.09.024.

Wang, Y., Liu, S., Wang, J., Chang, S.X., Luan, J., Liu, Y., Lu, H., Liu, X., 2020b.
Microbe-mediated attenuation of soil respiration in response to soil warming in a
temperate oak  forest. Sci. Total Environ. 711, 134563.
https://doi.org/10.1016/j.scitotenv.2019.134563.

Whitaker, J., Ostle, N., Nottingham, A.T., Ccahuana, A., Salinas, N., Bardgett, R.D.,
Meir, P., McNamara, N.P., Austin, A., 2014. Microbial community composition
explains soil respiration responses to changing carbon inputs along an Andes-to-
Amazon elevation gradient. J. Ecol. 102(4), 1058-1071.
https://doi.org/10.1111/1365-2745.12247.

White, TJ., Bruns, T., Lee, S.B., Taylor, J.W., 1990. Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. in: Innis, M.A.,
Gelfand, D.H., Sninsky, J.J. and White, T.J. (Eds) PCR Protocols: A Guide to

Methods and Applications, Academic Press, San Diego, pp. 315-322.

Wieder, W.R., Grandy, A.S., Kallenbach, C.M., Bonan, G.B., 2014. Integrating
microbial physiology and physio-chemical principles in soils with the Microbial-
Mineral Carbon Stabilization (MIMICS) model. Biogeosciences 11(14), 3899-
3917. https://doi.org/10.5194/bg-11-3899-2014.

Wu, J., Zhang, D., Chen, Q., Feng, J., Li, Q., Yang, F., Zhang, Q., Cheng, X., 2018.
Shifts in soil organic carbon dynamics under detritus input manipulations in a
coniferous forest ecosystem in subtropical China. Soil Biol. Biochem. 126, 1-10.

https://doi.org/https://doi.org/10.1016/j.s0ilbio.2018.08.010.

Xu, M., Li, X., Kuyper, TW.,, Xu, M., Li, X., Zhang, J., 2021. High microbial
diversity stabilizes the responses of soil organic carbon decomposition to
warming in the subsoil on the Tibetan Plateau. Global Change Biol. 27(10),
2061-2075. https://doi.org/10.1111/gcb.15553.

42


https://doi.org/10.1111/1365-2745.12247

927
928
929
930

931
932
933
934

935
936
937
938

939
940
941

942
943
944
945

946
947
948
949

950
951
952

Xun, W., Li, W., Xiong, W., Ren, Y., Liu, Y., Miao, Y., Xu, Z., Zhang, N., Shen, Q.,
Zhang, R., 2019. Diversity-triggered deterministic bacterial assembly constrains
community functions. Nat. Commun. 10(2), 3833.

https://doi.org/10.1038/s41467-019-11787-5.

Yao, F., Yang, S., Wang, Z., Wang, X., Ye, J., Wang, X., DeBruyn, J.M., Feng, X.,
Jiang, Y., Li, H., 2017. Microbial taxa distribution is associated with ecological
trophic cascades along an elevation gradient. Front. Microbiol. 8, 2071.

https://doi.org/10.3389/fmicb.2017.02071.

Yu, S., Chen, Y., Zhao, J., Fu, S., Li, Z., Xia, H., Zhou, L., 2017. Temperature
sensitivity of total soil respiration and its heterotrophic and autotrophic
components in six vegetation types of subtropical China. Sci. Total Environ. 607-

608, 160-167. https://doi.org/10.1016/j.scitotenv.2017.06.194.

Zeng, J., Zhao, D., Li, H., Huang, R., Wang, J., Wu, Q.L., 2016. A monotonically
declining elevational pattern of bacterial diversity in freshwater lake sediments.

Environ. Microbiol. 18(12), 5175-5186. https://doi.org/10.1111/1462-2920.13526.

Zhang, H., Yao, X., Zeng, W., Fang, Y., Wang, W., 2020. Depth dependence of
temperature sensitivity of soil carbon dioxide, nitrous oxide and methane
emissions. Soil Biol. Biochem. 149, 107956.
https://doi.org/10.1016/j.s0ilbio.2020.107956.

Zhang, M., Zhao, Y., Qin, X., Jia, W., Chai, L., Huang, M., Huang, Y., 2019.
Microplastics from mulching film is a distinct habitat for bacteria in farmland
soil. Sci. Total Environ. 688, 470-478.
https://doi.org/10.1016/j.scitotenv.2019.06.108.

Zhao, J., Li, R., Li, X., Tian, L., 2017. Environmental controls on soil respiration in
alpine meadow along a large altitudinal gradient on the central Tibetan Plateau.

Catena 159, 84-92. https://doi.org/10.1016/j.catena.2017.08.007.

43



953 Zhuo G., Ciren B., Wang J., Lan, X., 2010. Analysis of regional climate
954 characteristics of Tibetan herbal products growing on Mt. Seqgilha. Resour. Sci.

955 32, 1452-1461.

44



Figure Legends

Figure 1. The pattern of the temperature sensitivity (Q1o) of soil microbial respiration

along the altitudinal gradient.

Figure 2. The potential predictors of Qo of soil microbial respiration evaluated by
Random Forest machine learning analysis (a), and relationships between selected
biotic and abiotic factors and Qo of soil microbial respiration (b). Significant
predictors (P <0.05) are plotted in orange or blue. The higher %IncMSE values
represent the more important variables. SOC, soil organic carbon; TN, total nitrogen;
DOC, dissolved organic carbon; LOC/ROC, percentage of labile and recalcitrant C;
MBC, microbial biomass carbon; AG, a-1,4-glucosidase; BG, PB-1,4-glucosidase;

CBH, cellobiohydrolase; XYL, xylanase.

Figure 3. The network diagram with nodes colored by each of the eight ecological
clusters (modules, Mod#1-8) (a), relationships between relative abundance of the
selected ecological clusters and Q1o of soil microbial respiration (b), and operational
taxonomic units (OTUs) number properties of the dominant bacterial and fungal
genus in the main modules associated with Q1o of soil microbial respiration (c). The
outer ring and interior pie represent OTUs number properties of the dominant phylum
(top 10) and genus (top 20%), respectively. The red triangle represents the keystone
taxa in modules. Additional information on the OTUs in the modules is available in

Supplementary Table S3.
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Figure 4. The structural equation modeling (SEM) identifying the direct and indirect
associations between altitude, soil and microbial properties and Q1o of soil microbial
respiration (a), and the standardized total effects (STE, direct plus indirect effects)
derived from the SEM (b). Numbers labeling the arrow lines are indicative of the
effect size of the relationship. We only included those direct or indirect associations
that could affect Q1o values for graphical simplicity. *P < 0.05 and **P < 0.01. The
rest of associations between altitude and soil and microbial properties are available in
Supplementary Figure S14. Information on the environmental factors included in our

SEM can be found in Supplementary Figure S3.
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