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Freeze-thaw strength increasesmicrobial
stability to enhance diversity-soil
multifunctionality relationship
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Shengyun Chen 1,2,7 , Yuzheng Gu1,3,7, Enyan Liu2, Minghui Wu1,4, Xiaoli Cheng 4, Peizhi Yang3,
Ali Bahadur1, Ruiqiang Bai1, Jianwei Chen 5, Mingyi Zhang1, Jihua Wu 2 & Qi Feng 6

Insights into the impacts of freeze-thaw processes on soil microorganisms and their related functions
in permafrost regions are crucial for assessing ecological consequences imposed by the shifts in
freeze-thaw patterns. Through in-situ investigations on seasonal freeze-thaw processes in the active
layer of permafrost in the Qinghai-Tibet Plateau, we found that microbial richness was higher and
positively correlated with soil multifunctionality during the freeze-thaw stage (freezing and thawing
periods) compared to the non-freeze-thaw stage (completely frozen and thawed periods). This
relationship resulted from the higher microbial stability, which was highly consistent with the lower
complexity, more keystone taxa, and greater robustness of networks. Although freeze-thaw strength
exacerbated the greenhouse effect on climate, it was alleviated by the enhancement of diversity-soil
multifunctionality relationship. These findings have substantial implications for exploring the
responses of microbial-mediated soil multifunctionality and greenhouse effect in alpine permafrost to
more drastic variations of freeze-thaw processes under future warming.

As a sensitive indicator of climate change, freeze-thaw processes are caused
by diurnally or seasonal thermal changes followingwater phase transition in
the topsoil to a certain depth1. The processes are exceedingly frequent in the
active layer surface of high-altitude (alpine) and high-latitude permafrost2,3.
Over the past several decades, observational studies have shown that freeze-
thaw patterns have varied drastically4, as evidenced by the increases in the
freeze-thaw and completely thawed days, but a decrease in the completely
frozen days5, as well as an ulterior increase in maximum thawing depth6.
Based on experimental warming and model simulation, freeze-thaw
strength, reflecting the magnitude and frequency of changes in soil tem-
perature above and below 0 °C7,8, is expected to increase further, with
extended durations of the freeze-thaw stage including the thawing and
freezing periods in the future1,9. Laboratory simulations and meta-analysis
have demonstrated that the changes in freeze-thaw processes alter soil
structure such as porosity and aggregates10,11, exerting strong influences on
microbial composition and diversity12,13. Meanwhile, a few studies have
shown that freeze-thaw processes can cause large shifts in the structure of

microbial communities14–16, including increased bacterial diversitywhen the
soil is completely thawed compared to frozen soil. These microbial shifts in
turn play a critical role in soil functions, such as nutrient provisioning13,17,
element cycling18, and gas emission19. Despite this knowledge, there is still a
scarcity of in-situ observations on the effects of freeze-thaw processes,
especially seasonal freeze-thaw processes, on microbial structure and sta-
bility, which can serve as an important foundation for assessing the impact
of shifted freeze-thaw patterns on the microbial-mediated soil functions.

Soil functions are multivariate20, allowing the use of an integrative
measure of multiple soil functions, known as multifunctionality, to
quantify and compare the capability of soil ecosystems to fulfill various
ecological roles21,22. Numerous studies have shown that diversities of
various types of soil organisms, such as microorganisms, can drive or
inhibit soil multifunctionality21,23–25. Therefore, the relationships between
microbial diversity and soil multifunctionality have become a central and
controversial topic in microbial ecology26. A previous study under
simulated freeze-thaw conditions revealed that soil multifunctionality
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was largely governed by fungal diversity rather than bacterial diversity13.
Importantly, the unique physiological characteristics of bacteria and
fungi can result in metabolic labor division, leading to microbial com-
munities complementary24. Hence, it is essential to comprehensively
investigate the periodic changes in the relationship between microbial
diversity and soil multifunctionality during the freeze-thaw processes,
which can help identify the potential ecological consequences.

A growing body of research has focused on exploring the linkages
betweenmicrobial co-occurrencenetworks and soilmultifunctionality21,24,27,
with network complexity or keystone taxa playing an important role in
influencing multifunctionality22,26,28. Indeed, microbial networks with lower
complexity as characterized bymultiple network properties (e.g., degree and
centrality), fewer keystone taxa identified through within- and among-
module connectivity, and greater robustness measured by natural con-
nectivity after removing edges, can reflect greater stability of microbial
communities22,29–31. Consequently, more stable communities can better
maintain soilmultifunctionality in the face of environmental disturbances32.
According to a recent study,microbial stabilitymay determine the direction
and strength of themicrobial diversity-soilmultifunctionality relationship24.
Hence, it is necessary to explorehowmicrobial stability responds to seasonal
freeze-thaw processes and participates in regulating the diversity-soil mul-
tifunctionality relationship, which can be a key to understand the
mechanisms underpinning this complex relationship.

However, the preceding efforts were primarily undertaken in labora-
tory simulations, which cannot accurately reflect the in-situ processes under
natural conditions. Especially, field investigations are absolutely scarce in
permafrost regions of the Qinghai-Tibet Plateau (QTP), where sampling is
challenging in spring andwinter14, yet it is a hotspot for frequent freeze-thaw
processes due to the broad daily and annual temperature ranges5,33. Thus, to
comprehensively investigate the effects of freeze-thaw processes on
microbial communities and soilmultifunctionality in natural conditions,we
incorporated in-situ observations during the thawing, freezing, completely
thawed, and completely frozen periods at 0–10 cm and 10–20 cm depths in
the active layer of alpine permafrost, in the Shule River headwaters of the
northeast margin of the QTP, China.We examinedmicrobial communities
using high‐throughput sequencing and obtained a data set of 17 soil func-
tions to assess multifunctionality, including nutrient provisioning, element
cycling, and gas emission. We also combined the thawing and freezing
periods into the freeze-thaw stage and the completely thawed and frozen
periods into the non-freeze-thaw stage to assess the related impacts caused
by variations in the freeze-thaw strength. We aimed to test three main
hypotheses: (i) Microbial communities can maintain higher diversity and
stability during the freeze-thaw stage compared to the non-freeze-thaw
stage; (ii) Microbial diversity can support soil multifunctionality and their
relationship depending on microbial stability; and (iii) Increasing freeze-
thaw strength can exacerbate the greenhouse effect.

Results
Composition and diversity of microbial community
The dominant phyla inmicrobial communitieswere consistent among four
periods and between two depths (Supplementary Table S1). Specifically, the
dominant bacterial phyla were Bacteroidetes (30%), Proteobacteria (22%),
Acidobacteria (15%), and Actinobacteria (10%), while the dominant fungal
phyla were Ascomycota (72%) and Zygomycota (14%). The relative abun-
dances of Actinobacteria, Chloroflexi, Gemmatimonadetes, Verrucomicro-
bia, Basidiomycota, and Chytridiomycota varied significantly among
periods. In addition, Verrucomicrobia and Basidiomycota had the greater
relative abundances during the non-freeze-thaw stage than the freeze-thaw
stage, and the relative abundance of Proteobacteriawas obviously greater in
0–10 cm than 10–20 cm layer (Supplementary Table S1). Bacterial richness
was significantly higher during the freeze-thaw stage than the non-freeze-
thaw stage, while fungal richness reached the highest in the freezing period
and the lowest in the completely thawed period, andmicrobial richness also
showed the same trend (Supplementary Fig. S3). Furthermore, bacterial,
fungal, andmicrobial richness were all significantly higher in 0–10 cm than

10–20 cm layer (Supplementary Fig. S3). The random forestmodel revealed
that freeze-thaw strength andmaximum thawing depthwere the important
variables affecting microbial diversity (Supplementary Fig. S4).

Microbial co-occurrence network and stability
Microbial co-occurrence networks were constructed to evaluate possible
ecological interactions among bacterial and fungal communities across the
seasonal freeze-thaw processes and soil profile (Fig. 1A). We found more
bacterial and fungal nodes, and fungi-fungi links, but fewer bacteria-bacteria
and bacteria-fungi links during the freeze-thaw stage than the non-freeze-
thaw stage (Supplementary Fig. S5). Networks of the non-freeze-thaw stage
also had higher density and transitivity, but lower average path length and
modularity. Degree, linkage density, and closeness centrality were sig-
nificantly lower, but betweenness centrality was higher during the freeze-
thaw stage (Fig. 1B). Consequently, the network complexity calculated by
these properties (Supplementary Fig. S6) was significantly lowest in the
thawingperiod andhighest in the completely frozenperiod, aswell as higher
during the non-freeze-thaw stage than the freeze-thaw stage (Supplemen-
tary Fig. S5A). In terms of depth, 0–10 cm layer had lower density and
transitivity, but higher modularity, while 10–20 cm layer had significantly
higher degree, linkage density, and closeness centrality, but lower
betweenness centrality (Fig. 1B). In addition, more keystone taxa were
identified during the freeze-thaw stage and in 0–10 cm layer (Supplemen-
tary Fig. S7). Meanwhile, natural connectivity of networks decreased sig-
nificantly to a greater extent during the freeze-thaw stage than the non-
freeze-thaw stage and in 10–20 cm than 0–10 cm layer by removing the
same proportion of edges, indicating the weaker robustness (Fig. 1C and
SupplementaryTable S2).These results showed thatmicrobial communities
exhibited more stable network structures during the freeze-thaw stage and
in 0–10 cm layer31,34. We also used the method of the average variation
degree to directly assess microbial stability and obtained the consistent
results that the freeze-thaw stage exhibited higher microbial stability
(Fig. 1D). Furthermore, the random forest model showed that bacterial
node, soil temperature, and bacteria-fungi links were important in pre-
dicting microbial stability (Supplementary Fig. S8). Especially, bacterial
nodes were positively, but bacteria-fungi links was negatively associated
with microbial stability. Network complexity was also proved to show a
negative association with microbial stability (Supplementary Fig. S9).

Soil multifunctionality
A total of 17 soil parameters weremeasured as individual soil functions and
categorized into three groups of multifunctionality based on their connec-
tions to related functions (i.e., Ca2+, K+, NH4

+, etc. were pooled into the
element cycling category; see Statistical Analysis for details). We found that
there were significant differences in soil water-soluble organic carbon
(WSOC), microbial biomass carbon (MBC), NH4

+-N, NO3
–, SO4

2–, Ca2+,
K+, methane (CH4) flux, and nitrous oxide (N2O) flux among periods.
Notably, CH4 was emitted solely in the completely frozen period and
absorbed in the other periods. Organic carbon (OC), MBC, total nitrogen
(TN), NO3

–-N, microbial biomass nitrogen (MBN), NO2
–, and carbon

dioxide (CO2) flux were obviously higher in 0–10 cm layer than 10–20 cm
layer (Supplementary Fig. S10A–C). In terms of the classified soil multi-
functionality, multielement was significantly lowest in the completely
thawed period, andmultinutrient was significantly greater in 0–10 cm than
10–20 cm layer. For soil multifunctionality and global warming potential
(GWP), they were both obviously greater in 0–10 cm than 10–20 cm layer
(Supplementary Figs. S10D and S11).

In general, soil water content, microbial diversity, and freeze-thaw
strength were the considerable variables impacting soil multifunctionality
tested by random forest model (Supplementary Fig. S13). We focused on
identifying what affected multigas and its individual functions. Multi-
nutrient and freeze-thaw strength positively contributed the most to CO2

and N2O fluxes, respectively, while soil temperature exhibited the greatest
negative contribution to CH4 flux. Soil porosity (Por) and freeze-thaw
strength were the essential drivers with positive effects on multigas
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(Supplementary Fig. S13). Furthermore, structural equation model (SEM)
revealed that 64.5% of the variance in CO2 flux was explained, which was
mainly affected positively by multinutrient. The variance in CH4 flux was
interpreted by 42.6%, with maximum thawing depth and freeze-thaw
strength having large negative effects. Freeze-thaw strength was primarily
responsible for N2O flux, with 38.7% of the variance being explained
(Fig. 2A, B).

Relationships among microbial diversity, stability, and soil
multifunctionality
We further explored the relationships among microbial diversity, stability,
and soil multifunctionality. No significant link was observed between
microbial diversity and stability, but microbial diversity was positively
correlated with soil multifunctionality (Supplementary Fig. S14A and B). In
particular, this relationship between microbial diversity and soil multi-
functionality occurred only during the freeze-thaw stage (Fig. 3A). When
considering soil individual functions and classified soil multifunctionalities,
microbial diversity had more positive correlations with them during the
freeze-thaw stage and in 0–10 cm layer (Fig. 3B). Moreover, we found that
the proportions of microbial taxa supporting multinutrient, multielement,
and multigas were all lower during the non-freeze-thaw stage and in
10–20 cm layer (Fig. 3C).

There was no significant association of microbial stability with soil
multifunctionality (Supplementary Fig. S14C). Interestingly, we found that
the stability of microbial communities was positively relevant with the
diversity-multifunctionality relationship (Fig. 4A). The random forest
model showed that microbial stability, belowground biomass (BGB), and
freeze-thaw strength were crucial in predicting this relationship (Supple-
mentary Fig. S15). The SEM suggested that the variance in microbial
diversity-soil multifunctionality relationship was explained by 40.9%, and
the positive effect of microbial stability on this relationship was retentive,
and largest when considering simultaneously environmental variables
including freeze-thaw strength, maximum thawing depth, and soil prop-
erties. Moreover, microbial stability was regulated by freeze-thaw strength,
which also had a strongly positive effect on this relationship. Notably, 61.8%
of the variance in GWP was explained, which was negatively influenced by
microbial diversity-soil multifunctionality relationship, as well as sig-
nificantly driven by freeze-thaw strength (Fig. 4B, C).

Discussion
Our findings proved that microbial richness was higher during the freeze-
thaw stage and in 0–10 cm layer, most likely due to several reasons. Firstly,
greater freeze-thaw strength may facilitate the disruption of aggregate
structures and release nutrients35,36, allowing formore abundant and diverse
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Fig. 1 | Co-occurrence networks and stability of microbial community during
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with the node degree; edges represent significant correlations (R > 0.8 and p < 0.05),
which red lines indicate positive correlations and blue lines indicate negative cor-
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microbial networks.DDifferences of the stability of microbial communities among
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tively. Lowercase letters represent the significance of differences among four periods
or between twodepths, and uppercase letters represent the significance of differences
between the freeze-thaw and non-freeze-thaw stages. Asterisks indicate the statis-
tical significance (***p < 0.001, **p < 0.01, and *p < 0.05).
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microbial survival37. In contrast, excessive organic matter decomposition
may break resource balance through soil acidification and reduce resource
availability of microbial communities in the completely thawed period38,39.
Also, high nutrient demand by plants during this periodmay exacerbate the
resource competition between microorganisms and plants40, both of which
can potentially lead to a decrease in microbial diversity. Furthermore, the
nutrients were basically frozen and not effectively utilized by microorgan-
isms in the completely frozen period41. Secondly, microbial activity and
richness can be inhibited owing to the sub-zero environment in the com-
pletely frozen period42.While higher soil water content and soil temperature
in the completely thawed period (see Supplementary Notes for details) may
suppress the growth of more competitive, cold-adapted, and strict aerobic
microorganisms, contributing to decreased diversity43. Conversely, the fre-
quent soil temperature fluctuations during the freeze-thaw stage and in
0–10 cm layer can provide more heterogeneous habitats that are conducive
to the survival of microorganisms with various physiological and adaptive
capacities44,45. We also observed that diurnal freeze-thaw cycles increased
microbial richness, leading credence to our findings of higher diversity
during the freeze-thaw stage (Supplementary Fig. S16).

We have validated the hypothesis that microbial communities can
maintain higher stability during the freeze-thaw stage compared to the non-
freeze-thaw stage. This may be attributed to the broader microbial niche
breadth during the freeze-thaw stage (Supplementary Fig. S17), because
microorganisms in these periods can utilize a wider range of resources and
thereby bemore resilient to environmental changes31. This is also evidenced
by the lower network complexity as represented by multiple network
properties31, stronger ability to resist disturbances due to greater
robustness46, andmore keystone taxa on account of their important roles in
maintaining the network structure during the freeze-thaw stage and in
0–10 cm layer29. Past studies have shown that the fewer microbial interac-
tions can lead to less resource competition, thus reducing the instability
caused by resource constraints24,47. Meanwhile, decentralized networks are
generally more resilient and resistant because fewer interactions can reduce
the risk of propagation if the networks are subjected to external

disturbances31,48. These evidences suggest that fewer bacteria-fungi links and
weaker centrality could make microbial communities more stable during
the freeze-thaw stage.

Soil gas emissions are one of the key components of soil multi-
functionality and can exert largely positive climate feedbacks49,50. We found
that CH4 emission only occurred in the completely frozen period. This is
mainly due to the facts that frozen soils can reduce the diffusion of oxygen
into the subsurface and facilitate anaerobic conditions in winter, thus
inhibiting the microbial methane oxidation process but promoting the
methanogenic process51, where soil temperature played an important role in
microbial methanogenic and methane oxidation activities52,53. In contrast,
N2O exhibited a largest uptake in the completely frozen period, which could
be attributed to the reductionofN2O toN2

54,55. It isworthnoting that freeze-
thaw strength emerged as the most important predictor for N2O emission,
because greater freeze-thaw strength is associated with increased rates of
denitrification,which can lead to greaterN2Oemission56,57. Past studieshave
suggested that substrate quality is an important determinant of CO2 emis-
sion and that the exposure and decomposition of soil organic matter can
promote carbon mineralization and stimulate soil respiration58,59. As
revealed by our study, CO2 emission was highest in the completely thawed
period, when multinutrient exerted an essential contribution. Taken toge-
ther, both freeze-thaw strength and maximum thawing depth show the
positive effects for N2O and CO2 fluxes, but a negative effect for CH4 flux,
indicating that increases in freeze-thaw strengthwill promoteN2OandCO2

emissions.
Wehavedemonstrated thatmicrobial diversity is positively related to

soil multifunctionality, especially during the freeze-thawing stage. These
findings align with a previous study suggesting that higher microbial
richness can ensure the better performance of soil multifunctionality
resulting from the increased taxa supporting the same functions60.
Additionally, the harsh habitats of alpine permafrost constrain the ability
of microorganisms to perform important biogeochemical cycling by
limiting life cycles and physiological activities42. Some studies have sug-
gested that network complexity can positively drive biodiversity-
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ecosystem multifunctionality or nutrient cycling relationships in agri-
cultural fields and saline urban reservoirs21,61. Given the negative links
between stability and network complexity, this actually reflects that these
relationships are negatively correlated with microbial stability31. Inter-
estingly, we found the opposite result that microbial stability was posi-
tively associated with the diversity-soil multifunctionality relationship.
Unlike resource-rich agricultural fields, more stable microorganismsmay
tend to formmore efficient and positive interactions to utilize the limited
resources and enhance the performance of functions by cooperative work
in alpine permafrost62–64. This enablesmicrobial communities tomaintain
relatively unchanged abilities to perform functions in the face of external
shocks65,66. When microbial communities are destabilized, increased
competitions within communities may weaken or destroy the perfor-
mance of certain functions, even cause a negative diversity-soil multi-
functionality relationship61,67. To the best of our knowledge, this is one of
the first studies to link microbial stability with the diversity-soil multi-
functionality relationship, which adds an important dimension to our
understandings of this relationship and advances our ability to predict and
regulate it. As expected, increasing freeze-thaw strength could promote

the greenhouse effect. Freeze-thaw strength exhibited a driving effect on
GWP, while GWPwas negatively correlated with the microbial diversity-
soil multifunctionality relationship, which is the most intriguing finding.
In general, increased freeze-thaw strength due to the changes in freeze-
thaw events, especially the extending duration of the freeze-thaw stage
under future warming, will promote the intensification of the greenhouse
effect, whereas the enhancement of the microbial diversity-soil multi-
functionality relationship will alleviate this intensified effect.

In this study, we presented a conceptual paradigm of main content in
our study to describe the roles of microbial communities in influencing soil
multifunctionality during the four periods of seasonal freeze-thawprocesses
in the active layer of alpine permafrost (Fig. 5). Briefly, both microbial
diversity and stabilitywerehigherduring the freeze-thawstage (thawing and
freezing periods) than the non-freeze-thaw stage (completely thawed and
frozen periods). Microbial diversity maintained positive correlations with
soil multifunctionality only during the freeze-thaw stage, and the diversity-
soil multifunctionality relationship was driven by the stability of microbial
communities. Importantly, greenhouse gas emissions were promoted by
increased freeze-thaw strength, which could result in potential positive
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Fig. 3 | Relationships between microbial diversity and soil multifunctionality
during four periods of seasonal freeze-thaw processes and at two depths.
A Differences of the linear regression fits between microbial diversity and soil
multifunctionality among four periods and at two depths. B Differences of func-
tional effects (slopes of regression fits) of microbial diversity on individual functions
and classified multifunctionalities among four periods and at two depths.
C Differences of the proportions of diversity in taxa that supporting classified soil

multifunctionalities among four periods and at two depths. Taxa of individual OTUs
that are significantly positively correlated with classified multifunctionalities are
defined as “supporting taxa”. TC total carbon, OC organic carbon, WSOC water
soluble organic carbon, MBC microbial biomass carbon, TN total nitrogen, MBN
microbial biomass nitrogen. TP, CTP, FP, and CFP represent the thawing, com-
pletely thawed, freezing, and completely frozen periods, respectively. Asterisks
indicate the statistical significance (***p < 0.001, **p < 0.01, and *p < 0.05).
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climate feedback. These findings can help in assessing and anticipating the
cascading ecological consequences of shifted freeze-thaw patterns on
microbial communities and soil multifunctionality in permafrost under
climate warming.

Materials and methods
Description of sampling site
Anobservational field of the alpinemeadow ecosystem (ID: SLP3; 98°16'14''
E, 38°21'17'' N, Alt.: 4014m) was selected as a sampling site in permafrost
regions of the Shule River headwaters on the western part of the Qilian
Mountains, northeastern margin of the QTP, China. This 100m× 100m
observational field was established and protected by a wire fence in the
summer of 2010. According to the meteorological monitoring data, the
mean annual air temperature and annual precipitation were –3.49 °C and
417mm, respectively. January was the coldest month with a mean air
temperature of –16.57 °C, while August was the warmest month with a
mean air temperature of 8.96 °C, with an annual range of 25.53 °C and a
daily range of 21.17 °C. Similarly, for the soil temperature at 0–20 cmdepth,
the annual and daily ranges were 23.16 °C and 18.56 °C, respectively. The
vegetation coverage is approximately 42% and the dominant plants consist
ofKobresia pygmaea andK. humilis68. Soil type is kastanozems based on the
WRB classification (IUSSWorking GroupWRB 2006)69,70. The permafrost
belongs to sub-stable alpine permafrost with an active layer thickness of
~2.3m68 and frequently experiences freeze-thawprocesses in the active layer
surface.

Sample collection and measurement
We installed three replicates of self-developed pump-style soil gas
collectors (Chinese Patent No. ZL201120073304.2) at two soil depths
including 0–10 cm and 10–20 cm in July 2011, respectively. In 2013,
the in-situ experiments were performed across four periods of

seasonal freeze-thaw processes including the thawing period (28
April and 4 May), the completely thawed period (1 August), the
freezing period (29 September and 5 October), and the completely
frozen period (31 December) (Supplementary Fig. S1). Each period
was represented by the respective sampled time points. Detailed
information of the definition and delineation of these periods are
provided in the Statistical Analysis. Specifically, we selected three
squares (50 cm × 50 cm) near the gas collectors for each experiment.
After the aboveground vegetation of each square was eliminated, we
collected soil samples by combining five soil cores (4.8 cm inner
diameter) in an X-shaped pattern from 0–10 cm to 10–20 cm layers,
respectively. Notably, soil samples collected twice at 0–10 cm depth
during the thawing and freezing periods were mixed and combined
into one sample for analysis, respectively. The first sampling times on
28 April and 29 September were considered as the periods before
diurnal freeze-thaw cycles. Since diurnal freeze-thaw cycles occurred
until the second sampling times on May 4 and October 5, which were
defined as the periods after diurnal freeze-thaw cycles. Next, we
divided soil samples into three parts. One part was stored in freezer
boxes and transported to the laboratory for microbial detection. The
second part was stored in cold storage boxes to determine pH,
WSOC, NH4

+-N, NO3
–-N, MBC, and MBN. The last part was air-

dried to test the variables including soil specific gravity (SG), major
ions (Ca2+, K+, NH4

+, SO4
2–, NO3

–, and NO2
–), OC, total carbon

(TC), and total nitrogen (TN). Finally, samples were collected using
the above same methods to measure BGB and soil aggregate,
respectively. Soil bulk density was measured using a cutting ring
(volume of 100 g cm–3). Soil temperature and soil water content at
two depths were measured using Hydra Probe II soil sensors (Ste-
vens) connected with a CR1000X datalogger (Campbell), which
automatically recorded data every ten minutes since July 2011.

Fig. 4 | Linking microbial stability, diversity-soil
multifunctionality relationship, and GWP. A The
linear relationship between microbial stability and
diversity-soil multifunctionality relationship. B SEM
describing the effects of freeze-thaw strength, max-
imum thawing depth, soil properties, and microbial
stability on diversity-soil multifunctionality rela-
tionship and GWP. Single-headed arrows indicate
the hypothesized direction of causation. Red solid
lines indicate significantly positive relationships,
blue solid lines indicate significantly negative rela-
tionships, red dotted lines indicate non-significantly
positive relationships, and blue dotted lines indicate
non-significantly negative relationships. The arrow
width is proportional to the strength of the rela-
tionship. C Bar graphs are the standardized effects
from the SEM on the microbial diversity-soil mul-
tifunctionality relationship and GWP. Soil proper-
ties represent the first component by the principal
component analysis for soil temperature, water
content, pH, porosity, dry sieving-mean weight
diameter, wet-sieving mean weight diameter, and
belowground biomass. GWP global warming
potential. Asterisks indicate the statistical sig-
nificance (***p < 0.001, **p < 0.01, and *p < 0.05).
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Measurements on pH, WSOC, NH4
+-N, NO3

–-N, MBC, MBN, OC,
TC, TN, SG, and Por were described previously8,31. BGB that represents the
plant root mass was sampled by soil core (4.8-cm diameter). BGB samples
were sieved through a 2-mmmesh following the removal of impurities and
then dried at 80 °C until a constant weight was obtained. Dry-sieving mean
weight diameter (DMWD) and wet-sieving mean weight diameter
(WMWD) that represent the stability of soil aggregate were measured
through dry and wet sievingmethods, respectively71. The cations (Ca2+, K+,
and NH4

+) and anions (SO4
2–, NO3

–, and NO2
–) were analyzed by DX-600

and ICS-2500 Ion Chromatographys (Dionex), respectively. For soil gas
samples, concentrations of CO2, CH4 and N2O were analyzed with 7890A
gas chromatography system (Agilent). Theirfluxeswere calculatedbased on
soil gas concentration gradients based on the previous reference72. The
frequency and magnitude of soil temperature changes above and below
0.0 °C are generally considered to be the strength of freeze-thawprocesses in
the active layer, and thus we used the normalized products of frequency
(difference between the counts of positive and negative temperatures over a
day) and amplitude (sum of absolute values of positive and negative tem-
peratures over a day) of soil temperature change to calculate freeze-thaw
strength8. Maximum thawing depth is the real-time maximum depth that
reflects the soil thawing in permafrost and is consistent with the 0.0 °C-line
of soil temperature73. We derived maximum thawing depth using manual
boring, soil temperature monitoring, and simulation by the Stefan
equation31.

Sequencing for microbial communities and bioinformatics
We extracted total DNA from soil samples using the PowerSoil® DNA
isolation kit.We then amplified the bacterial 16S rRNAV4-V5 region using
the universal primer 515F/806R (515F: GTGCCAGCMGCCGCGGTAA,
907R:CCGTCAATTCMTTTRAGT). ThePCRamplifiedprocedurewas as

follows: 98 °C for 1min, followed by 30 cycles of denaturation at 98 °C for
10 s, annealing at 50 °C for 30 s, and elongation at 72 °C for 30 s with final
extension at 72 °C for 5min74. Moreover, the ITS1 region of Internal
Transcribed Spacer (ITS) gene region of fungi was amplified using universal
primer ITS1F/ITS2 (ITS1F: CTTGGTCATTTAGAGGAAGTAA, ITS2:
GCTGCG TTCTTCATCGATGC). All the PCR products were purified by
the Agilent 2100 bioanalyzer (Agilent, USA), and then the amplicon
libraries were constructed using Illumina TruSeq DNA PCR-Free Library
Preparation Kit (Illumina, USA) following the manufacturer’s instruction.
Due to the different sequence lengths for bacteria and fungi, the validated
amplicon libraries were sequenced on the Illumina MiSeq platform using
the PE250 bp Paired-end models for bacterial amplicon libraries whereas
PE300 bp models for fungal libraries at BGI-Wuhan (Wuhan, China), and
more than 50 million base-pairs (Mbp) of raw sequencing reads for each
sample were generated.

We adjusted raw data for each sample using QIIME software
(Quantitative Insights Into Microbial Ecology, v1.9.1) to remove low-
quality sequences, and FLASH software (Fast Length Adjustment of
Short reads, v1.2.11) to assemble and merge pairs of sequences into a
single high-variance tag sequence using overlap relationships, where
singleton sequences without overlap relationships were removed. The
tag sequences were then clustered into operational taxonomic units
(OTUs) by USEARCH software (Ultra-fast sequence analysis,
v7.0.1090) with a 97% threshold to obtain OTU representative
sequences. After removing the chimeric sequence, the OTU repre-
sentative sequences were compared with Greengene_2013_5_99
(v201305) and UNITE (v7.2) databases using RDP classifier software
(v2.2) to obtain species annotations with a confidence threshold set
to 0.6. The tag sequences were mapped to the OTU representative
sequences to obtain OTU and species-annotated abundance tables.
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Fig. 5 | Conceptual paradigm of main content in the study showing the role of
microbial community in influencing soil multifunctionality during four periods
of seasonal freeze-thaw processes in the active layer of alpine permafrost. The
orange circles represent the freeze-thaw stage including the thawing and freezing
periods, and the grey circles represent the non-freeze-thaw stage including the
completely thawed and completely frozen periods. In the circles are different
representative microorganisms, more kinds of them mean higher microbial

diversity and more modular arrangements of them mean higher stability. Red solid
lines pointing to multifunctionality indicate the significantly positive relationships
with diversity, blue dotted line indicates the non-significantly negative relationship,
and red dotted line indicates the non-significantly positive relationship. The below
color gradient indicates that darker red means higher stability and darker blue
means lower stability. TP, CTP, FP, and CFP represent the thawing, completely
thawed, freezing, and completely frozen periods, respectively.
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To ensure that subsequent analyses of species diversity were compared
with equal sampling, we rarefied data by randomly subsampling
50,000 sequences for bacterial and fungal samples using the minimum
number of total sequences in each sample (flattening analysis).

Statistical analysis
Based on the monitoring data of soil temperature across an entire
year, the number of completely thawed days, completely frozen days,
and freeze-thaw days were calculated as the number of days with the
diurnal minimum Ts being >0.0 °C, the diurnal maximum Ts being
≤0.0 °C, and the diurnal maximum Ts being >0.0 °C but the diurnal
minimum Ts being ≤0.0 °C, respectively. We then divided the entire
seasonal freeze-thaw processes into four periods (see Supplementary
Notes for details): the thawing period, which started from the first
day of three consecutive freeze-thaw days in spring; the completely
thawed period, which initiated with the first day of three consecutive
completely thawed days in summer; the freezing period, which
started with the first day of three consecutive freeze-thaw days in
autumn; and the completely frozen period, which begun with the first
day of three consecutive completely frozen days in winter1,8. Addi-
tionally, periods where the freeze-thaw strength equaled to 0 (com-
pletely thawed and frozen periods), were combined into the non-
freeze-thaw stage. Conversely, periods where the freeze-thaw strength
is greater than 0 (thawing and freezing periods) were combined into
the freeze-thaw stage.

We performed all statistical analyses in R (V3.5.3; http://www.r-
project.org/), and created data visualizations using the “ggplot2” package.
Richness was selected as a metric of microbial diversity and was calcu-
lated via the “vegan” package. Subsequently, we standardized the bacterial
and fungal diversity on a scale from 0 to 1, and took the average value as
the microbial diversity. Seventeen soil parameters associated with various
aspects of a suite of soil functions (multifunctionality) were assessed and
distinguished into three categories, including nutrient provisioning
(multinutrient), element cycling (multielement), and gas emission
(multigas). Specifically, we characterized the functions related to nutrient
provisioning by measuring multiple carbon and nitrogen forms, includ-
ing TC, OC, WSOC, MBC, TN, NH4

+-N, NO3
–-N, and MBN. The

functions related to element cycling was represented by the measure-
ments of multiple anions and cations, including Ca2+, K+, NH4

+, SO4
2–,

NO3
–, and NO2

–. Multiple gas fluxes, including CO2, CH4, and N2O
fluxes, were measured to characterize the functions related to gas emis-
sion. These 17 functions were standardized on a scale from 0 to 1 as the
individual functions. We used several methods to determine soil multi-
functionality including average, weighted, and multi-threshold multi-
functionality methods. First, we averaged the standard values of the
individual functions to obtain three classified soil multifunctionalities,
which were further averaged to obtain soil multifunctionality75,76. Second,
we calculated the weighted soil multifunctionality by averaging all indi-
vidual functions after weighting of TN, TC, and OC with a weight of 1/3
to down-weight highly correlated functions (R2 > 0.7) (Fig. S18), so that
these correlated functions had a combined weight of only 177,78. Average
multifunctionality was highly correlated with weighted multifunctionality
(Fig. S19A). Third, we calculated the number of functions beyond a given
threshold (25%, 50%, 75%, and 90%) and each threshold represents a
functional performance level20,75. Importantly, we found basically the
same findings about the relationships between microbial diversity and
soil multifunctionality using these three methods, suggesting that the
choice of multifunctionality index did not alter our results (Figs. 3A,
S19B, and S20). Linear regressions were performed between microbial
diversity with soil individual functions, classified soil multifunctionalities,
and soil multifunctionality. We further employed the linear regressions to
define OTUs that were significantly (p < 0.01) positively correlated with
classified soil multifunctionalities as “supporting taxa”. To examines the
ability of each gas to trap heat in the atmosphere relative to CO2 over a

period of 100 years, we calculated the GWP by the following equation79:
GWP = CO2+N2O × 273+CH4 × 27.9.

SparCC method was used to construct microbial co-occurrence
networks31. We applied filtering criteria to the SparCC results, retaining
only correlations with an R > 0.8 and a false discovery rate <0.05. Net-
work graphs were generated using the “igraph” package, and network
proprieties were calculated, including nodes, edges, density, average path
length, modularity, transitivity, degree, closeness centrality, betweenness
centrality, and linkage density (degree/nodes). Network robustness was
tested by attacking edges on natural connectivity and the average var-
iation degree was directly used to calculate microbial stability (1 - average
variation degree)32,80. Additionally, we extracted the subnetworks of the
individual samples and calculated their proprieties, including degree,
average path length, density, transitivity, linkage density, and modularity,
to estimate the network complexity using principal coordinate analysis.
The sparsity within the networks was indicated by the average path
length and modularity, which were calculated as the inverse of the
respective variables prior to calculating the complexity. The nodes in
each network were classified into different topological roles based on
their within-module connectivity (Zi) and among-module connectivity
(Pi) values: module hubs (Zi ≥ 2.5, Pi < 0.62), network hubs (Zi ≥ 2.5,
Pi ≥ 0.62), connectors (Zi < 2.5, Pi ≥ 0.62) and peripherals (Zi < 2.5, Pi <
0.62). Except for peripherals, the other three categories are regarded as
keystone taxa due to their crucial roles in stabilizing the network
structure29. In summary, we assessed microbial network stability by three
methods, including the calculations of network complexity, number of
keystone taxa, and robustness. Previous studies have demonstrated that
the networks with lower complexity46, more keystone taxa29, and stronger
robustness31 are more stable. Although microbial network stability can
reflect the stability of communities31,34, we directly calculated microbial
stability by average variation degree32 to validate the results obtained by
the network approach.

Random forestmodelswere used to detect variables affectingmicrobial
diversity, stability, soil multifunctionality, and diversity-soil multi-
functionality relationship. We applied the moving window approach to
explore the determinants of the microbial diversity-soil multifunctionality
relationship with the window size of five samples21. After the samples were
ordered across four periods and two depths, windows were advanced across
the samples to generate neighboring subsets to better estimate the linkage
between microbial stability and the diversity-soil multifunctionality rela-
tionship. TheR2 of the linear regression betweenmicrobial diversity and soil
multifunctionality was used to characterize the diversity-soil multi-
functionality relationship21. We further constructed SEM to explore the
variables affecting the soil gas fluxes, diversity-soil multifunctionality rela-
tionship, and GWP using AMOS 21.0 (Amos Development Corporation).
Soil properties represent the first component from the principal component
analysis conducted for soil temperature, water content, pH, Por, WMWD,
DMWD, and BGB. The goodness ofmodel fit was evaluated based on the χ2

test (0 ≤ χ2/df ≤ 2 and 0.05 ≤ p ≤ 1.00) and the RMSEA (0 ≤RMSEA≤ 0.05
and 0.10 ≤ p ≤ 1.00). Generalized linear models were used to assess the
relative influence of environmental variables, microbial diversity, stability,
multinutrient, and multielement on CO2, CH4, N2O fluxes, and multigas
with the “h2o” package.

We performed one-way ANOVA to calculate the differences in
environmental variables, microbial diversity, microbial network properties,
stability, and soil functions among four periods of seasonal freeze-thaw
processes at 0–20 cm depth. Student’s t-test was used to calculate their
differences between the freeze-thaw stage and the non-freeze-thaw stage at
0–20 cm depth, as well as between 0–10 cm and 10–20 cm layers regardless
of periods.

Data availability
The data that support the findings of this study have been deposited in the
CNSA of CNGBdb with accession code CNP0001093.
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