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meadows and showing various dynamics in wetlands. 
Soil DOM in wetlands presented the lowest values 
of specific ultraviolet absorbances (SUVA254 and 
SUVA260) at 0  °C and the highest values at 10  °C, 
whereas the opposite was true in the meadows. Wet-
land soils had greater diversities of DOM molecu-
lar compositions and microbial communities, with 
warming gradually increasing the number of identi-
fied DOM compounds in meadows and decreasing 
the number of microbial species in both soils. Wet-
land soils had more Proteobacteria (44.2%) and Aci-
dobacteria (21.1%) and fewer Actinobacteria (18.0%) 
than meadow soils and contained many temperature-
sensitive archaea (which were abundant at 0 °C). Dis-
tance-based redundancy analysis and Procrustes anal-
ysis indicated the greater complexity of ecological 
responses in alpine wetlands, which may be attributed 
to the higher adaptive capacity of soil microbial com-
munities. Our results suggest that both degradation 
and warming decrease soil DOM content and micro-
bial activities in alpine wetlands, providing important 
references for alpine wetland conservation under cur-
rent climate change.

Keywords  Global warming · Wetland degradation · 
Dissolved organic matter · Metagenomes · Enzyme 
activity

Abstract  As important carbon sinks, alpine wet-
lands on the Tibetan Plateau are undergoing severe 
degradation. To reveal warming-induced ecologi-
cal shifts in alpine environments, this study deter-
mined soil nutrient contents, enzyme activities, 
absorption and fluorescence spectra and quadrupole 
time-of-flight mass spectra (metabolomes) of dis-
solved organic matter (DOM) and metagenomes 
based on short-term incubation (0  °C, 10  °C and 
20  °C) of topsoil from alpine wetlands and mead-
ows (degraded wetlands). Compared with meadows, 
wetlands had higher contents of soil DOM (dis-
solved organic carbon, dissolved organic nitrogen 
and dissolved phosphorous) and greater activities 
of hydrolases (β-glucosidase, cellobiohydrolase, 
β-N-acetylglucosaminidase and acid phosphatase), 
with those parameters all being highest at 20  °C in 
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Introduction

Global climate change and its ecological conse-
quences have received much attention over the past 
several decades (Parmesan and Yohe 2003; Trisos 
et al. 2020; Walther et al. 2002; Yuan et al. 2021a). As 
the third pole, the Tibetan Plateau is currently experi-
encing significantly greater warming than the global 
average (Ran et al. 2018). Many studies have shown 
that climate warming has a significant impact on 
alpine ecosystems on the Tibetan Plateau (Chen et al. 
2013, 2014; Gao et  al. 2016; Li et  al. 2014; Wang 
et  al. 2014; Zhang et  al. 2016). The carbon dioxide 
(CO2) and methane (CH4) in alpine permafrost will 
gradually be released as global warming progresses, 
and refractory organic matter will decompose and 
then be released (Ran et al. 2018; Schuur et al. 2015; 
Wu et al. 2018). Warming directly accelerates all bio-
geochemical reactions and increases both the input 
and output of alpine ecosystems; however, owing to 
the complex interactions between temperature and 
other environmental factors (including moisture, soil 
physiochemical properties, substrate availability and 
microbial activities), the feedback of warming in 
alpine regions varies with latitude, altitude, topogra-
phy and continentality (Donhauser and Frey 2018). 
Long-term warming will alter surface morphology, 
hydrothermal conditions and nutrient levels, leading 
to succession towards wetter or drier ecosystems on 
the Tibetan Plateau (Jin et al. 2020; Liu et al. 2017; 
Zheng et al. 2020).

The ecological responses of alpine ecosystems to 
warming are diverse due to the range and duration 
of warming and the diversity of ecosystems (Wang 
et al. 2014). Previous studies have shown that warm-
ing increases soil respiration and microbial activities 
and promotes the decomposition of organic matter 
(Romero-Olivares et al. 2017; Steinweg et al. 2013); 
however, when the temperature increases above the 
maximum activity, it leads to a decrease in enzyme 
activity and cell damage because of the strong selec-
tion pressure on the microbial community (Barce-
nas-Moreno et  al. 2009; van Gestel et  al. 2013). As 
high temperatures induce lysis of sensitive taxa and 
provide nutrients to survivors, the dynamics of nutri-
ent responses to warming cannot be predicted from 
the kinetic properties of microbial activity and sub-
strate consumption (Mooshammer et  al. 2017). The 
proposed mechanisms underlying warming include 

the depletion of labile soil organic matter (SOM), the 
enrichment of plant-derived residues and the stabili-
zation of microbial necromass (Lehmann and Kleber 
2015). In addition, Wang et  al. (2014) reported that 
experimental warming led to a decrease in soil mois-
ture in alpine meadows on the Tibetan Plateau, which 
had a more profound effect on alpine ecosystems.

Alpine wetlands and meadows have much higher 
SOM densities (69.5 and 59.3 kg C/m2, respectively) 
than the global average (10.40 kg C/m2) (Luan et al. 
2014; Ma et al. 2016). The slow decomposition rate 
of biological residues at low temperatures leads to the 
accumulation of SOM in alpine wetlands. However, 
the alpine wetlands on the Tibetan Plateau have expe-
rienced severe degradation in recent years (Gu et al. 
2019; Iqbal et  al. 2019; Kang et  al. 2016), with the 
total area decreasing by 28.97% from 2000 to 2014 
(Wu et  al. 2016) and the SOM content decreasing 
by 15% from 1966 to 2016 (Li et  al. 2021). Gener-
ally, the successional sequence during alpine wet-
land degradation is from swamp to meadow, steppe 
and desert (Gu et al. 2018; Li et al. 2022). Numerous 
studies focusing on alpine wetlands have shown that 
plant biomass, soil organic C and organic N decrease 
after alpine wetland degradation, which may weaken 
the soil C sink effect and enhance the effect of climate 
warming (Gao et al. 2016; Huo et al. 2013). Li et al. 
(2019) reported that the loss of soil nutrients in alpine 
meadows under short-term warming was reduced by 
the responses of soil microbial communities. How-
ever, insufficient attention has been given to microbial 
community function and specific response mecha-
nisms in alpine ecosystems.

Recently developed omics methods have enabled 
more in-depth exploration of the specific mechanisms 
underlying environmental nutrient migration and 
transformation in various alpine ecosystems (Overy 
et  al. 2021). Yun et  al. (2021) investigated methane 
oxidation in alpine wetlands via DNA stable isotope 
probing (DNA-SIP) metagenomics and methano-
troph metagenome-assembled genomes (MAGs). 
Yuan et  al. (2021b) compared soil carbon dynamics 
and related plant‒microbe regulations to warming in 
two alpine swamp meadows on the basis of solid-state 
13C NMR spectroscopy and high-throughput sequenc-
ing. D’Alò et al. (2023) investigated the responses of 
soil archaea to long-term warming in alpine grass-
lands and snow-beds via combining metagenomics 
and metatranscriptomics. Using metabolomics and 
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metagenomics, Zhang et  al. (2022) reported that an 
increase in the alpine elevation gradient decreased the 
molecular diversity of soil dissolved organic matter 
(DOM) and the abundance and diversity of soil bacte-
rial and fungal communities, and Zhou et al. (2023) 
simulated the warming effect on the depth-dependent 
responses of soil DOM molecular composition and 
microbial composition in alpine meadows. However, 
insufficient attention has been given to the application 
of omics methods to compare warming responses in 
alpine wetlands and meadows, and efficiently inte-
grating multi-omics data in environmental studies 
remains challenging.

The objective of this study was to reveal and 
explain the ecological responses of alpine soils on 
the Tibetan Plateau to wetland degradation and short-
term warming. In this study, we collected the topsoil 
of alpine wetlands and meadows (degraded wetlands) 
for short-term laboratory incubation at different tem-
peratures (0 °C, 10 °C and 20 °C) and then analyzed 
the contents of soil nutrients, the activities of soil 
enzymes, the absorption and fluorescence spectra of 

soil DOM, the quadrupole time-of-flight mass spec-
tra (metabolomes) of soil DOM, and the structure 
and function of soil microbial communities (metage-
nomes), as well as their relationships and similar or 
diverse responses in alpine wetlands and meadows. 
Our study aimed to reveal the potential threats of 
environmental changes to alpine wetlands (such as 
declines or increases in soil nutrients and microbial 
activities) based on the dynamics of those biochemi-
cal indicators and to provide important references for 
the conservation of alpine ecosystems as well as the 
application of multi-omics techniques in environmen-
tal research.

Materials and methods

Site description and sampling

The study area is located between the southeastern 
Tibetan Plateau and the Sichuan Basin (30° 30′–33° 
30′ N, 100° 30′–103° 30′ E; Fig.  1a). This area has 

Fig. 1   a Digital elevation model (DEM) map and b location of the study area and landscapes of alpine c wetlands and d meadows 
on the southeastern Tibetan Plateau
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a continental plateau climate with an average alti-
tude of 4000  m, an average annual temperature of 
0–2 °C, and 800 mm of precipitation. The flat terrain 
and meandering river channels formed large swamp 
wetlands, and after a long evolutionary process, typi-
cal alpine habitats of wetlands, peat, and meadow 
soil formed. In August 2021, soil samples were col-
lected from alpine wetlands and meadows in Lon-
griba Prairie, located in Hongyuan County, Aba Pre-
fecture, Sichuan Province, China (32° 32′44.13′′ N, 
102° 21′34.49′′ E, 3520 m, Fig. 1b). Wetland samples 
were collected from peat mounds next to flooded soil 
(Fig.  1c), and meadow samples were collected from 
arid soils adjacent (within 200 m) to the wetland sam-
ples (Fig. 1d). Topsoil samples (0–20 cm for wetlands 
and 0–15 cm for meadows) were collected using the 
five-point sampling method with a hoe and sealed in 
Ziploc bags, and then transported at 4 °C to the labo-
ratory for further analysis and incubation.

Incubation experiment

After the coarse grass roots were removed, the 
soil samples were backfilled into 100 × 63.7  mm 
(500 cm3) cutting rings for short-term (60 days) labo-
ratory incubation. The monthly temperature in the 
study area is lowest in January (− 10 °C) and high-
est in July and August (10  °C), with a mean annual 
temperature of 0–2  °C. Accordingly, we set three 
temperature gradients: a mean annual temperature of 
0 °C (L), a maximum monthly temperature of 10 °C 
(M), and a simulated warming scenario of 20 °C (H), 
as the maximum ambient temperature in the study 
area exceeds 20 °C every year (reaching 22–26 °C). 
Shading and air circulation were maintained dur-
ing incubation, and the soil moisture was adjusted to 
70% of the saturated water content (SWC, mass ratio; 
565% for wetland and 52% for meadow). There were 
6 experimental conditions in total (W-L, W-M, W-H, 
M-L, M-M and M-H), and each treatment included 3 
replicates.

Soil physicochemical properties

The soil pH was measured via a PHS-25 (Shanghai 
Leici Sensor Technology, China). Before incubation, 
the total carbon (TC), total nitrogen (TN) and total 
phosphorus (TP) contents of the soil samples were 
measured after drying at 105  °C. TC and TN were 

measured using the combustion method via a Vario 
DOC analyzer (Elementar, Germany) in solid sample 
measurement mode, and TP was measured by induc-
tively coupled plasma–atomic emission spectroscopy 
(ICP‒AES, Thermo Jarrell Ash, USA) after the soil 
was digested with H2SO4 and HClO4.

After incubation, the soil DOM was extracted 
according to Jones and Willett (2006). The mix-
tures of fresh soil (10  g) and water (100  mL) were 
shaken at 200 r/min for 1 h, and then the suspensions 
were centrifuged at 8000 × g for 10 min and filtered 
through precombusted (450  °C) 0.22  μm glass fiber 
filters (Shanghai Xingya Purification Material Fac-
tory, China). The DOM solutions were stored at 4 °C 
for further analyses (completed within 5  days). Dis-
solved organic carbon (DOC) and dissolved organic 
nitrogen (DON) were measured via a Vario DOC 
analyzer (Elementar, Germany) in liquid sample 
measurement mode, and dissolved phosphorus (DP) 
was measured via an ICP‒AES (Thermo Jarrell Ash, 
USA).

Soil enzyme activities

The determination of enzyme activities was con-
ducted within 2  days after the whole incubation 
period, with the soils stored under previous incu-
bation conditions before the assays. According to 
DeForest (2009), the activities of β-glucosidase (βG, 
EC 3.2.1.21), cellobiohydrolase (CBH, EC 3.2.1.91), 
β-N-acetylglucosaminidase (NAG, EC 3.2.1.14) and 
acid phosphatase (AP, EC 3.1.3.2) were measured 
fluorometrically after soil samples were incubated 
in black 96-well microplates (Greiner, Germany) 
with 4-methylumbelliferon (MUB)-linked substrates 
(Table S1), and the activity of peroxidase (Perox, EC 
1.11.1.7) was measured spectroscopically after soil 
samples were incubated in clear 96-well microplates 
(Greiner, Germany) with L-dihydroxyphenylalanine 
(L-DOPA) as the substrate. Before measurement, ace-
tate buffer (50 mM) was newly made and adjusted to 
the mean pH value (6.0) of two soils with HCl, and 
soil slurry (1.0 g of fresh soil mixed with 125 mL of 
buffer) was homogenized using a magnetic stir bar for 
1 h before being dispensed.

The dispensing procedures for the four hydrolases 
(βG, CBH, NAG and AP) were 250 μL of buffer 
(blank), 200 μL of buffer and 50 μL of 10-μM MUB 
solution (reference standard) or 50 μL of 200-μM 
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MUB-linked substrate (negative control), 50 μL of 
buffer and 200 μL of soil slurry (sample control), 200 
μL of soil slurry and 50 μL of 10-μM MUB solution 
(quench standard) or 50 μL of 200-μM MUB-linked 
substrate (sample assay). The dispensing procedures 
for Perox were 250 μL of buffer (blank), 200 μL of 
buffer and 50 μL of 5-mM L-DOPA solution (nega-
tive control), 200 μL of soil slurry and 50 μL of buffer 
(sample control) or 50 μL of 5-mM L-DOPA solu-
tion (sample assay), and 10 μL of 0.3% H2O2 solu-
tion (all wells). There were 8 replicate wells for each 
condition. All reactions were stopped by adding 10 
μL of newly-made 1.0 M NaOH solution after incu-
bation in the dark for 4  h (four hydrolases) or 18  h 
(Perox), and then immediately (within 1 min) meas-
uring fluorescence (excitation wavelength = 365  nm, 
emission wavelength = 450 nm) or absorbance (wave-
length = 450  nm) via a SpectraMax iD3 microplate 
reader (Molecular Devices, USA).

Spectra of soil DOM

The chromophoric DOM (CDOM) and fluorescent 
DOM (FDOM) of alpine soils were characterized via 
UV–Vis absorption spectroscopy (UV–Vis ABS) and 
three-dimensional excitation-emission matrix fluores-
cence spectroscopy (3D-EEM), respectively. Spectral 
determination was conducted via an Aqualog® spec-
trometer (Horiba Scientific, USA) using Millipore 
ultrapure water as a blank. The scanning range for 
UV–Vis ABS was 240–550  nm, with an interval of 
5  nm and an optical path of 10  mm. The excitation 
(Ex) and emission (Em) wavelengths for 3D-EEM 
were 240–550  nm and 280–620  nm, respectively, 
with an interval of 3 nm and a slit width of 2.5 nm, 
and Raman and Rayleigh scattering were removed 
in the measurement system. Representative spectral 
parameters of UV–Vis ABS (a355, SR, SUVA254 and 
SUVA260) and 3D-EEM (fluorescence intensity (FI), 
biological index (BIX), Fn355 and β:α) were used to 
characterize soil DOM (Table S2). The fluorescence 
region integration (FRI) was used to quantify the 
fluorescence intensity of five fractions of 3D-EEM 
(Table S3), representing aromatic protein I (tyrosine-
like) (peak I), aromatic protein II (tryptophan-like) 
(peak II), fulvic acid-like (peak III), soluble microbial 
byproduct-like (peak IV), and humic acid-like (peak 
V).

Metabolomes of soil DOM

The soil DOM was enriched via solid-phase extrac-
tion (SPE) before metabolomic analysis. First, the 
DOM solution was adjusted to pH = 2 using 0.1 mol/
mL HCl. Second, a Bond Elut PPL cartridge (100 mg, 
3 mg; Agilent Technologies) was activated with 3 mL 
of methanol and 3 mL of acidic water (pH = 2), and 
100  mL of acidified solution was injected into the 
cartridge for DOM extraction. Then, 6 mL of acidic 
water was added to remove impurities, and the car-
tridge was dried with a vacuum pump. Finally, 3 mL 
of methanol was added to elute the DOM at a rate 
lower than 2 mL/min. The eluent was kept in chroma-
tography bottles and stored at − 20 °C until analysis.

Non-targeted metabolomics was performed using 
high-performance liquid chromatography coupled 
with quadrupole time-of-flight mass spectrometry 
(HPLC-Q-TOF-MS/MS; Agilent 1290–6545, USA) 
with an RRHD Eclipse Plus C18 column (Agilent, 
1.8  μm × 2.1  mm × 50  mm, USA). Determination 
was performed in both positive (ESI +) and nega-
tive electrospray ionization (ESI −) modes, with a 
column temperature of 40  °C, an injection volume 
of 5 μL, an acquisition range of 50–1000  m/z, and 
a mobile phase flow rate of 0.4 mL·min−1. The elu-
tion gradient for the ESI + mode (phase A: 0.1% for-
mic acid, phase B: 100% acetonitrile) was as follows: 
0–15  min 3–90% B, 15–20  min 90% B, 20–21  min 
90–3% B, 21–25 min 3% B. The elution gradient for 
the ESI − mode (phase A: 10-mM ammonium acetate, 
phase B: 100% acetonitrile) was as follows: 0–15 min 
3–90% B, 15–20  min 90% B, 20–21  min 90–3% B, 
21–25 min 3% B.

The raw data were pre-processed before analysis, 
which included the removal of low-quality features, 
the filling of missing values, and data normaliza-
tion. Molecular feature extraction and alignment 
were performed using Profinder v10.0 software, and 
then, Mass Profiler Professional v15.1 software was 
used for metabolomic analysis. The components were 
identified via the Metabolite Link (METLIN) data-
base (https://​metlin.​scrip​ps.​edu). The van Krevelen 
diagrams and bar graphs were used to show the char-
acteristics and classification (Zhang et  al. 2022) of 
the identified compounds. Venn diagrams and ternary 
plots showing the distributions of the compounds at 
different temperatures. Principal component analysis 
(PCA) and significance tests between different soils 

https://metlin.scripps.edu
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(unpaired t test) and different temperatures (one-way 
analysis of variance) were conducted in Mass Profiler 
Professional v15.1 software.

Metagenomic sequencing and analysis

The soils were frozen with liquid nitrogen immedi-
ately after sampling and then stored at − 80 °C until 
analysis. DNA was extracted using a FastDNA® Spin 
Kit for Soil (MP Biomedicals, USA); then, the purity 
and concentration were detected by a NanoDrop2000 
and TBS-380, and the integrity was determined by 
1% agarose gel electrophoresis. After the DNA was 
fragmented to 400  bp by a Covaris M220 sonicator 
(Gene Company Limited, China), a paired-end (PE) 
library was constructed using an EXTFLEX® Rapid 
DNA-Seq Kit (Bioo Scientific, USA). After bridge 
PCR amplification, metagenomic determination was 
performed using the Illumina NovaSeq sequencing 
platform following the platform instructions.

The raw data were qualified using Fastq v0.20.0 
(Chen et  al. 2018) and assembled using MEGAHIT 
v1.1.2 (Li et al. 2015) to obtain long contigs (≥ 300 
bp). Prodigal was used to predict open reading 
frames (ORFs) for long contigs and to select genes 
(≥ 100 bp) for translation into amino acid sequences 
(Hyatt et al. 2010). The sequences were subsequently 
clustered using CD-HIT v4.6 (Fu et al. 2012; Zhang 
et  al. 2015). Representative sequences were selected 
to construct a nonredundant gene catalogue, and 
high-quality sequences in the samples were aligned 
with the nonredundant gene set and counted using 
SOA Paligner v2.21 (Li et al. 2008). Using Diamond 
v0.8.35 (Buchfink et al. 2015), the nonredundant gene 
catalogue sequences were aligned with the NR data-
base (BLASTP; E-value ≤ 1e-5) and counted at each 
taxonomic level (from domain to species); with the 
evolutionary genealogy of genes: Non-supervised 
Orthologous Groups (eggNOG) database (BLASTP; 
E-value ≤ 1e-5) and counted at different functional 
categories and Cluster of Orthologous Groups of pro-
teins (COGs); with the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) GENES database (BLASTP; 
E-value ≤ 1e-5) and then further annotated with dif-
ferent KEGG pathways (from level 1 to level 3) using 
the KEGG Orthology Based Annotation System 
(KOBAS) v2.0.

After processing and annotating the raw sequence 
data, metagenomic analyses were performed using 

the Majorbio Cloud Platform (www.​major​bio.​com). 
Venn diagrams and bar graphs were generated to 
show the composition of the soil microbial commu-
nities. Statistical analysis of metagenomic profiles 
(STAMP) (Parks et  al. 2014) and linear discrimi-
nant analysis effect size (LEfSe) (Chang et al. 2022) 
were used for statistical tests of differences between 
groups (p < 0.05 indicates significant differences). 
Ternary plots were generated to show the distribu-
tions of significantly changed species at different tem-
peratures. Principal coordinate analysis (PcoA) and 
distance-based redundancy analysis (db-RDA) based 
on the Bray–Curtis distance algorithm were used to 
show the distributions of soil microbial communities 
in different samples and the effects of soil nutrient 
contents and enzyme activities on them, respectively. 
Procrustes analysis was used for consistency analysis 
between the metagenomics and metabolomics data.

Statistical analyses

The schematic diagram of the study area was drawn 
in ArcMap 10.8. The 3D-EEM spectra, box diagrams, 
ternary plots, van Krevelen diagrams and bar graphs 
were drawn in Origin 9. Statistical tests and calcula-
tions for the Pearson correlation coefficient of soil 
nutrients, enzyme activities and spectral parameters 
were performed in SPSS 21, with p < 0.05 indicating 
significant differences between two soils (unpaired t 
test) or different incubation temperatures (one-way 
analysis of variance). Data statistics were organized 
in Excel. Other statistical analyses of the soil metabo-
lomes and metagenomes were performed using Mass 
Profiler Professional v15.1 or the Majorbio Cloud 
Platform (www.​major​bio.​com), as described in 
Sects.  "Spectra of soil DOM" and "Metabolomes of 
soil DOM".

Results

Contents of soil nutrients and activities of soil 
enzymes

The dynamics of soil nutrients and enzyme activities 
revealed distinct responses of alpine wetlands and 
meadows to short-term incubation at different tem-
peratures. In this study, the average pH was 6.3 ± 0.1 
in the wetland soils and 5.6 ± 0.1 in the meadow soils. 

http://www.majorbio.com
http://www.majorbio.com
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The wetland soils had higher TC (69.4 ± 2.0  g/kg) 
and TN (4.59 ± 0.10 g/kg) contents than did meadow 
soils (TC = 32.3 ± 0.8  g/kg, TN = 2.77 ± 0.09  g/
kg), whereas the soil TP content in the wetlands 
(0.21 ± 0.01  g/kg) was lower than that in the mead-
ows (0.64 ± 0.02 g/kg). The soil DOC, DON and DP 
contents were all significantly (p < 0.05) greater in the 
wetlands than in the meadows (Table  1). The DOC 
content decreased with incubation temperature in 
the wetlands but increased with incubation tempera-
ture in the meadows, although statistical tests showed 
that the differences among the three groups were not 
significant (p > 0.05). The DON content significantly 
(p < 0.05) increased with incubation temperature in 
the wetlands, and it was significantly (p < 0.05) high-
est at 20 ℃, moderate at 0 ℃ and lowest at 10 ℃ in 
the meadows. In addition, the DP content was signifi-
cantly (p < 0.05) lowest at 0 °C in both the wetlands 
and meadows.

The soil enzyme activities at different incubation 
temperatures are shown in Table  1. Statistical tests 
revealed that the activities of hydrolases (βG, CBH, 
NAG and AP) were significantly (p < 0.05) higher 
in the wetlands than in the meadows, whereas Perox 
activity did not significantly differ between the wet-
lands and meadows (p > 0.05). Temperature changes 
significantly (p < 0.05) influenced the activities of all 
the enzymes, and the responses of these enzymes var-
ied between the wetlands and meadows. The activi-
ties of βG, CBH, NAG and AP were significantly 

(p < 0.05) highest at 20 °C in the meadows, whereas 
they exhibited different patterns in the wetlands, with 
βG and NAG activities being highest at 0  °C, CBH 
activity being highest at 10 °C, and AP activity being 
highest at 0  °C and 20  °C and lowest at 10  °C. In 
addition, Perox activity was significantly (p < 0.05) 
highest at 0  °C in both wetlands and meadows, and 
it was significantly (p < 0.05) lowest at 20  °C in the 
meadows.

In conclusion, alpine wetlands presented higher 
contents of most soil nutrients (TC, TN, DOC, DON 
and DP), greater activities of hydrolases (βG, CBH, 
NAG and AP) and greater variability in dissolved 
nutrients in response to short-term warming (DOC, 
DON and DP being highest at different temperatures) 
than did alpine meadows. The wetland soils had the 
highest DOC content and βG and NAG activities 
at 0  °C, whereas the meadow soils had the highest 
DOC, DON and DP contents and βG, CBH, NAG and 
AP activities at 20 °C after incubation.

Spectral and molecular characteristics of soil DOM

The spectral parameters of soil DOM are shown in 
Table 2. The results showed that both alpine soils had 
high terrestrial inputs (FI < 1.4 and BIX < 0.5). Statis-
tical tests revealed that wetland soils had significantly 
(p < 0.05) higher relative abundances of CDOM (a355) 
and humus-like components (Fn355), whereas soil 
DOM in the meadows had significantly (p < 0.05) 

Table 1   Contents of soil dissolved nutrients and activities of soil enzymes in alpine wetlands and meadows

Value = mean ± SE. Statistical tests are performed using one-way analysis of variance, with the lowercase and capital letters indi-
cating significant (p < 0.05) differences between different groups in the wetlands and meadows, respectively. DOC Dissolved 
organic carbon, DON dissolved organic nitrogen, DP dissolved phosphorus. βG β-glucosidase, CBH cellobiohydrolase, NAG β-N-
acetylglucosaminidase, AP acid phosphatase, Perox peroxidase. W-L, W-M and W-H represent wetland soils incubated at 0 ℃, 10 ℃ 
and 20 ℃, respectively. M-L, M-M and M-H represent meadow soils incubated at 0 °C, 10 °C and 20 °C, respectively (the same 
below)

Group DOC DON DP βG CBH NAG AP Perox
mg/kg mg/kg mg/kg nmol/g/h nmol/g/h nmol/g/h nmol/g/h μmol/g/h

W-L 1058 ± 108 25.7 ± 1.9b 1.53 ± 0.35 2078 ± 145a 279 ± 21b 2069 ± 90a 2825 ± 162a 11.2 ± 0.4a
W-M 989 ± 102 37.7 ± 3.9a 2.12 ± 0.06 1059 ± 51c 345 ± 31a 1419 ± 140b 1410 ± 122b 9.3 ± 0.3b
W-H 896 ± 60 46.7 ± 4.0a 1.95 ± 0.05 1730 ± 103b 246 ± 18b 1430 ± 111b 2951 ± 214a 9.6 ± 0.4b
Wetlands 981 ± 52 36.7 ± 3.5 1.87 ± 0.14 1623 ± 79 290 ± 14 1639 ± 75 2395 ± 127 10.0 ± 0.2
M-L 294 ± 12 10.5 ± 0.1B 0.64 ± 0.08 200 ± 21C 70 ± 4C 612 ± 47B 1560 ± 164B 12.1 ± 1.2A
M-M 312 ± 22 9.0 ± 0.6C 0.79 ± 0.05 300 ± 28B 88 ± 3B 607 ± 45B 1754 ± 111B 9.5 ± 0.3B
M-H 354 ± 21 14.6 ± 0.3A 0.79 ± 0.01 381 ± 23A 175 ± 4A 1286 ± 145A 2466 ± 177A 9.1 ± 0.3C
Meadows 320 ± 13 11.4 ± 0.9 0.74 ± 0.04 294 ± 16 111 ± 6 835 ± 65 1927 ± 99 10.2 ± 0.4
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higher proportions of newly generated components 
(β:α) as well as higher aromaticity (SUVA254), hydro-
phobicity (SUVA260) and molecular weight (SR). The 
3D-EEM spectra of alpine wetlands (Fig.  2a) and 
meadows (Fig.  2b) show the fluorescent character-
istics of soil DOM. The intensities of peaks II–V in 
alpine wetlands were significantly (p < 0.05) higher 
than those in alpine meadows were, and wetland 
soils had a higher percentage of peak II and a lower 
percentage of peak V than meadow soils (Fig.  2c). 
After short-term incubation, wetland soils had the 
significantly (p < 0.05) highest SUVA254, SUVA260 
and the intensity and percentage of peak II at the 

middle temperature of 10 ℃, whereas meadow soils 
had the significantly (p < 0.05) highest a355, SUVA254, 
SUVA260, Fn355, intensities of peaks III–V and per-
centage of peak IV at the lowest temperature of 0 ℃.

The molecular dynamics of soil DOM in alpine 
wetlands and meadows were revealed by HPLC-Q-
TOF-MS/MS. A total of 1511 compounds were iden-
tified (Table S4), with 92.6% shared by wetlands and 
meadows, 5.8% unique to wetlands and 1.6% unique 
to meadows. Statistical analysis revealed that 322 
compounds had significantly (p < 0.05) higher abun-
dances in the wetlands, whereas 284 compounds 
had significantly (p < 0.05) higher abundances in the 

Table 2   Spectral parameters of soil DOM in alpine wetlands and meadows

Value = mean ± SE. Statistical tests are performed using one-way analysis of variance, with the lowercase and capital letters indi-
cating significant (p < 0.05) differences between different groups in the wetlands and meadows, respectively. UV–Vis ABS UV–Vis 
absorption spectroscopy, 3D-EEM Three-dimensional excitation-emission matrix fluorescence spectroscopy, FI luorescence inten-
sity, BIX biological index. The definition and implication of parameters are shown in Table S2

Group UV–vis ABS 3D-EEM

a355 SR SUVA254 SUVA260 FI BIX β:α Fn355

W-L 38.5 ± 8.5 0.69 ± 0.01a 1.21 ± 0.24b 1.16 ± 0.23b 1.19 ± 0.02 0.452 ± 0.006 0.431 ± 0.005 2081 ± 310
W-M 59.1 ± 3.9 0.65 ± 0.01c 1.91 ± 0.19a 1.83 ± 0.18a 1.19 ± 0.01 0.465 ± 0.006 0.446 ± 0.010 2657 ± 95
W-H 43.9 ± 1.1 0.67 ± 0.01b 1.71 ± 0.11ab 1.63 ± 0.10ab 1.20 ± 0.01 0.464 ± 0.002 0.443 ± 0.001 2286 ± 16
Wetlands 47.2 ± 4.1 0.67 ± 0.01 1.61 ± 0.14 1.54 ± 0.13 1.19 ± 0.01 0.460 ± 0.003 0.440 ± 0.004 2341 ± 126
M-L 32.0 ± 0.8A 0.75 ± 0.01B 3.29 ± 0.21A 3.17 ± 0.20A 1.18 ± 0.01 0.488 ± 0.003 0.471 ± 0.001 1808 ± 34A
M-M 21.1 ± 2.0B 0.83 ± 0.01A 2.24 ± 0.10B 2.16 ± 0.09B 1.16 ± 0.01 0.485 ± 0.008 0.464 ± 0.004 1631 ± 14B
M-H 28.8 ± 0.9A 0.77 ± 0.01B 2.46 ± 0.21B 2.37 ± 0.20B 1.17 ± 0.01 0.494 ± 0.004 0.471 ± 0.007 1575 ± 34B
Meadows 27.3 ± 1.8 0.78 ± 0.01 2.66 ± 0.18 2.57 ± 0.18 1.17 ± 0.01 0.489 ± 0.003 0.469 ± 0.003 1671 ± 38

Fig. 2   Three-dimensional excitation-emission matrix (3D-
EEM) fluorescence spectra of soil DOM in alpine a wetlands 
and b meadows and c the percentages of five peaks in the fluo-
rescence region integration (FRI) of 3D-EEM. Peak I: aromatic 

protein I (tyrosine-like), Peak II: aromatic protein II (trypto-
phan-like), Peak III: fulvic acid-like component, Peak IV: solu-
ble microbial byproduct-like component, Peak V: humic acid-
like component
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meadows. The van Krevelen diagram (Fig. S1a) and 
classification (Fig. S1b) showed the molecular char-
acteristics of these compounds, and PCA (Fig. S2) 
indicated the separate clustering of wetlands and 
meadows and weaker clustering at each temperature. 
Venn diagrams (Fig. 3a, b) and ternary plots (Fig. 3c, 
d) show the shared and unique compounds as well as 
the distributions of their relative abundances at dif-
ferent temperatures. Alpine wetlands had the high-
est number of identified compounds at 10  °C and 
few unique compounds at all temperatures, whereas 
the numbers of identified and unique compounds 
both increased with increasing incubation tempera-
ture in alpine meadows. Statistical tests revealed that 
33 compounds in the wetlands varied significantly 
(p < 0.05), among which 20 had the highest abun-
dance at 20 °C, whereas 54 compounds in the mead-
ows varied significantly (p < 0.05), among which 33 
had the highest abundance at 0 °C.

In conclusion, soil DOM in alpine wetlands and 
meadows presented distinct spectral and molecular 
characteristics, with warming gradually increasing 
the identified DOM compounds only in alpine mead-
ows. The aromaticity and hydrophobic components 
(SUVA254 and SUVA260) of soil DOM were signifi-
cantly higher in alpine meadows, and they were sig-
nificantly highest at 10 ℃ in the wetland soils but at 
0 ℃ in the meadow soils after short-term incubation.

Composition and function of soil microbial 
communities

The composition and function of soil microbial 
communities linked the responses of alpine nutrient 
dynamics to environmental changes via microbial 
activities. A total of 28,329 and 23,078 microbial 

species were found in the wetlands (containing 
99.2% bacteria, 0.6% archaea and 0.1% eukaryotes) 
and meadows (containing 99.6% bacteria, 0.2% 
archaea and 0.1% eukaryotes), respectively. Wet-
lands and meadows shared 78.7% of those species, 
with the remaining 21.3% unique to wetlands and 
4.0% unique to meadows. The α-diversity (Shannon-
index = 5.72 ± 0.03, Simpson-index = 0.036 ± 0.002) 
and evenness (Pielou-index = 0.572 ± 0.003) of soil 
microbial communities in alpine wetlands were 
significantly (p < 0.05) higher than those in the 
meadows (Shannon-index = 5.19 ± 0.02, Simpson-
index = 0.045 ± 0.001, Pielou-index = 0.533 ± 0.002). 
At the phylum level, Proteobacteria and Acidobacte-
ria were significantly (p < 0.05) more abundant in the 
wetlands (accounting for 44.2% and 21.1%, respec-
tively) (Fig. 4), whereas Actinobacteria were signifi-
cantly more abundant in the meadows (accounting for 
29.8%). The functional composition based on the egg-
NOG (Fig. S3) and KEGG pathway (Fig. S4) data-
bases revealed that wetlands had greater abundances 
in the “T: signal transduction mechanisms” function, 
“M: cell wall/membrane/envelope biogenesis” func-
tion, “signal transduction” pathway (at level 2, the 
same below) and “cell motility” pathway, whereas 
meadows had greater abundances in the “L: replica-
tion, recombination and repair” function, “K: tran-
scription” function, “carbohydrate metabolism” path-
way and “cellular community-prokaryotes” pathway.

Short-term incubation changed the composition 
of the microbial communities in alpine soils. The 
α-diversity and evenness of the microbial communi-
ties were lowest at the middle temperature of 10 °C in 
both the wetlands and meadows and highest at 20 °C 
in the wetlands and 0 °C in the meadows (Table S5), 
although these differences were not significant 

Fig. 3   a, b Venn diagrams and c, d ternary plots of identified 
soil DOM compounds at different temperatures in alpine wet-
lands and meadows. W-L, W-M and W-H represent wetland 

soils incubated at 0  °C, 10  °C and 20  °C, respectively. M-L, 
M-M and M-H represent meadow soils incubated at 0  °C, 
10 °C and 20 °C, respectively (the same below)
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(p > 0.05). Venn diagrams revealed that 81.1% of soil 
microbial species in the wetlands (Fig. 5a) and 77.9% 
of those in the meadows (Fig. 5b) were shared at all 
temperatures, with the highest number of species 
found at 0 °C (followed by 10 °C and finally 20 °C) in 
both soils. The ternary plots of significantly (p < 0.05) 
changed species showed that wetland soils (Fig.  5c) 
had more Proteobacteria at 0  °C and Actinobacte-
ria and Thaumarchaeota at 20 °C, whereas meadow 
soils (Fig. 5d) had more Actinobacteria at 0  °C and 
Bacteroidetes at 20 °C, with many species of Firmi-
cutes changing with temperature in both wetlands and 
meadows. LEfSe visualized the significantly changed 
(p < 0.05) bacteria and archaea in the wetlands (Fig. 
S5a, b) and meadows (Fig. S5c, d) from phylum to 

species level, indicated that wetland soils contained 
many temperature-sensitive archaea, with many spe-
cies of Euryarchaeota (Methanomicrobia at the class 
level) presenting the highest abundance at 0  °C and 
many species of Thaumarchaeota presenting the 
highest abundance at 20 °C.

Temperature changes also influence the functions 
of soil microbial communities in the alpine wetlands 
and meadows. Statistical tests showed that two func-
tions and four pathways (at level 2, the same below) 
in the wetlands (Fig.  6a–f) changed significantly 
(p < 0.05), many of which increased in abundance 
with increasing incubation temperature, except for the 
“environmental adaptation” pathway, which showed 
the opposite trend. Four functions and one pathway 

Fig. 4   Relative abundance of soil microbes in alpine wet-
lands and meadows at the phylum level. Phyla with relative 
abundance less than 0.1% are not shown. p-value shows the 

results of Welch’s T test between wetlands and meadows, with 
‘***’indicating significant (p < 0.001) differences

Fig. 5   a, b Venn diagrams of all microbial species and c, d 
ternary plots of significantly (p < 0.05) changed microbial spe-
cies at different temperatures in alpine wetlands and meadows. 

Statistical tests are performed using Kruskal‒Wallis test, with 
different colours in ternary plots indicating the phyla that those 
species belong to
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in the meadows (Fig.  6g–k) varied significantly 
(p < 0.05) at the different temperatures, with the func-
tions “T: signal transduction”, “H: coenzyme trans-
port and metabolism” and “F: nucleotide transport 
and metabolism” having the lowest abundance at 0 °C 
and the “L: replication, recombination and repair” 
function and “signal transduction” pathway having 
the highest abundance at 0 °C. In addition, although 
most of the pathways (at level 3, the same below) 
were found at all three temperatures, 7 pathways in 
the wetlands and 13 pathways in the meadows were 
found only at specific temperatures (Table  S6), 
including the “phototransduction” pathway (KEGG 
ID: ko04744) in the wetlands and two pathways in 
“glycan biosynthesis and metabolism” (KEGG ID: 
ko00601 and ko00563) in the meadows, which were 
absent at 0 °C.

In conclusion, soil microbial communities in 
alpine wetlands presented higher α-diversity than 

those in alpine meadows did, and their composi-
tion and function in the two alpine soils responded 
to short-term warming at different scales. Warming 
gradually decreased the number of microbial species 
in both alpine soils, significantly decreasing the num-
ber of many species in Proteobacteria but increasing 
many species in Thaumarchaeota in alpine wetlands.

Integrated analysis of soil nutrients, enzyme activities 
and microbial communities

The relationships between soil nutrients, enzyme 
activities and spectral parameters in all alpine soils 
(Table  S7), wetland soils (Table  S8) and meadow 
soils (Table S9) were indicated by the Pearson cor-
relation coefficient. The results showed that some 
parameters were always significantly (p < 0.05) 
positively (a355 and Fn355, SUVA254 and SUVA260, 
BIX and β:α) or negatively (a355 and SR) correlated 

Fig. 6   Functions and pathways that significantly (p < 0.05) 
changed at different incubation temperatures in alpine a–f wet-
lands and g–k meadows. Functions and pathways (at level 2) 
are annotated based on the evolutionary genealogy of genes: 

Nonsupervised Orthologous Groups (eggNOG) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) Pathway data-
bases, respectively
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with each other. After incubation, DP content and 
βG activity in alpine wetlands (r =  −  0.728) and 
DON content and CBH activity in alpine meadows 
(r = 0.875) were significantly correlated. SUVA254 
and SUVA260 were significantly positively (r > 0.68) 
correlated with DP content, BIX, a355 and Fn355 but 
negatively (r <  −  0.85) correlated with βG activity 
and SR in alpine wetlands, whereas they were sig-
nificantly negatively (r <  −  0.82) correlated with 
DP content but positively (r > 0.75) correlated with 
a355 and Fn355 in alpine meadows. In wetland soils, 
βG and AP activities positively (r > 0.71) influenced 
SR and negatively (r <  − 0.62) influenced a355, Fn355 
and intensities of fluorescence peaks, whereas BIX 
and β:α were significantly positively (r > 0.68) 
correlated with DON and DP contents and nega-
tively (r <  − 0.67) correlated with DOC content. In 
meadow soils, Fn355 was significantly negatively 
(r <  − 0.71) correlated with DOC and DP contents 
and CBH activity, and the intensities of fluores-
cence peaks were generally negatively correlated 
with hydrolase activities, whereas the intensity of 

peak IV was significantly positively (r = 0.674) cor-
related with peroxidase activity.

Soil nutrient and enzyme dynamics are closely 
related to soil microbial communities. The db-RDA 
(Fig. 7a) revealed differences in soil microbial com-
munities between alpine wetlands and meadows 
(separate clustering of wetland and meadow samples, 
same as in the PCoA, Fig. S6) and indicated that soil 
nutrients (DOC, DON and DP) were the most impor-
tant parameters influencing the distribution of soil 
microbial communities (R2 = 0.49–0.73, p < 0.01; 
Table S10). After short-term incubation, soil samples 
at different temperatures clustered separately, with 
samples from the W-M (Fig. 7b) and M-H (Fig. 7c) 
treatments showing greater variability. The influ-
ence of the DP content in the wetlands (R2 = 0.606, 
p = 0.053; Table S11) and DON content in the mead-
ows (R2 = 0.503, p = 0.078; Table  S12) was greater 
than that of other environmental parameters. The 
db-RDA also indicated the relationships between soil 
nutrients and enzyme activities, with Perox activity 
strongly negatively correlated with soil DP content in 

Fig. 7   Distance-based redundancy analysis between soil 
microbial communities and environmental parameters in a 
two alpine soils and different groups in alpine b wetlands and 
c meadows. Procrustes analysis between metagenomes and 

metabolomes in d two alpine soils and different groups in 
alpine e wetlands and f meadows, with a lower M2 value repre-
senting a higher consistency between the two datasets
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both alpine wetlands (Fig. 7b) and meadows (Fig. 7c), 
which was consistent with the results of the Pearson 
correlation coefficient (Table S8–S9).

There were also close relationships between the 
molecular composition of soil DOM and soil micro-
bial communities. Procrustes analysis (Fig.  7d–f) 
revealed consistency between the soil metagenomes 
and metabolomes in the wetlands and meadows, 
with a larger M2 value representing lower consist-
ency between the two datasets. Similar to the db-
RDA results, the wetland and meadow samples 
were distinguished separately (Fig.  7d: M2 = 0.474, 
p < 0.001), indicating different response mechanisms 
between soil DOM and microbial communities in 
alpine wetlands and meadows. After short-term incu-
bation at different temperatures, the consistency of 
the metagenomes and metabolomes in the wetlands 
(Fig.  7e: M2 = 0.602, p = 0.631) was lower than that 
in the meadows (Fig. 7f: M2 = 0.575, p = 0.063), with 
the separate clustering of soil samples at different 
temperatures found only in the meadows. The results 
indicated that, on the one hand, warming had signifi-
cant impacts on alpine meadows where changes in 
soil DOM compositions were closely related to soil 
microbial communities; on the other hand, alpine wet-
lands were more adaptive to environmental changes, 
which may be attributed to the high soil nutrient con-
tents and enzyme activities as well as complex com-
positions of soil DOM and microbial communities in 
alpine wetlands, as described earlier in this study.

Discussion

Different dynamics of soil nutrient contents and 
enzyme activities in alpine wetlands and meadows 
under short‑term warming

Alpine wetlands play an important role in the global 
ecosystem and are currently undergoing severe deg-
radation (Zhao et  al. 2015). Previous studies have 
shown that wetland degradation leads to changes in 
soil physicochemical properties (increases in soil 
porosity and bulk density and a decrease in water-
holding capacity) (Huo et al. 2013; Wang et al. 2007), 
as well as changes in nutrient contents, enzyme 
activities and microbial communities (Gu et al. 2017, 
2019; Wu et al. 2016, 2017). In this study, most soil 
nutrients (TC, TN, DOC, DON and DP) and enzyme 

activities (βG, CBH, NAG and AP), as well as the 
diversities of soil DOM compounds and microbial 
communities, decreased after wetland degradation. 
These results were consistent with those of previous 
studies (Huo et al. 2013; Luan et al. 2014; Ma et al. 
2016; Yang et  al. 2022), indicating that alpine wet-
land degradation depressed the transformation of soil 
nutrients and microbial activities. However, the soil 
TP in alpine meadows was greater than that in alpine 
wetlands, similar to the findings of previous studies 
showing that degraded alpine meadows have higher 
TP (Wu et  al. 2020), which was attributed to the 
lower soil phosphorus uptake required for root growth 
in degraded meadows with lower plant biomass.

Temperature is a key environmental factor in 
alpine ecosystems, and our results showed that the 
responses of soil nutrients and enzyme activities to 
short-term warming were diverse in alpine wetlands. 
In this study, warming from 0  °C to 20  °C continu-
ously decreased soil DOC but increased DON in 
alpine wetlands, with soil DP being lowest at 0  °C 
and higher at both 10  °C and 20  °C. Soil enzyme 
activities implied the complex mechanisms between 
soil nutrients and microbes, with the highest activi-
ties of soil enzymes found at different incubation 
temperatures (βG, NAG and Perox at 0 ℃; CBH at 
10 °C; AP at 0 °C and 20 °C). The results indicated 
that warming within ambient temperature (10 ℃) pro-
moted the initial decomposition of cellulose (CBH 
activity) but impeded its later decomposition (βG 
activity), whereas the opposite was true under a fur-
ther simulated warming scenario (20  °C), resulting 
in a continuous decrease in soil DOC; the hydrolyses 
of chitin (NAG activity) and phosphate (AP activ-
ity) were active at the lowest incubation temperature 
of 0 °C, along with the lowest contents of soil DON 
and DP. Our results were partly consistent with those 
of previous studies, which showed that three years 
of experimental warming significantly decreased 
the contents of soil DOC, MBC and amino nitrogen 
while decreasing βG activity and increasing AP activ-
ity in boreal peatlands (Song et al. 2019), indicating 
that warming led to the depletion of soil organic car-
bon and the emission of greenhouse gases in alpine 
wetlands (Cui et al. 2015).

Compared with alpine wetlands, alpine meadows 
presented simpler responses in terms of soil nutrients 
and enzyme activities to short-term warming, with 
most of those parameters being greatest at the highest 
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incubation temperature of 20 °C. In alpine meadows, 
warming gradually promoted the hydrolysis of cellu-
lose (revealed by βG and CBH activities) and resulted 
in a constant increase in soil DOC, even when the 
incubation temperature exceeded the natural ambi-
ent temperature; the decomposition of chitin (NAG 
activity) and phosphate esters (AP activity) was rela-
tively slow at both 0 °C and 10 °C and significantly 
faster at the simulated warming condition of 20  °C, 
with soil DON being lowest at 10 °C and highest at 
20  °C and soil DP being highest at both 10  °C and 
20 °C, implying that warming increased soil N and P 
availability at different scales. Our results were simi-
lar to those of a four-year warming study in an alpine 
swamp meadow (Yuan et  al. 2021c), which showed 
that warming increased plant and microbial biomass, 
hydrolytic enzyme activities and bacterial functional 
genes. Unlike the activities of hydrolases, the activ-
ity of peroxidase significantly decreased with increas-
ing temperature in alpine meadows. Peroxidase is 
involved in lignin depolymerization and is less stable 
compared with extracellular hydrolases, and its activ-
ity generally increases with soil pH and lignin content 
but is not correlated with SOM on a global scale (Sin-
sabaugh 2010).

Warming gradually decreased the number of 
microbial species in alpine soils and altered soil 
microbial communities in alpine wetlands and 
meadows in different ways

Soil microorganisms participate in the decomposition 
of soil organic matter and mediate soil biogeochemi-
cal processes, and competition between different 
functional microorganisms determines the dynamics 
of soil nutrients under environmental changes (Liang 
et  al. 2015; Romero-Olivares et  al. 2017; Suprama-
niam et al. 2016). Warming increases the energy pro-
vided for soil microbial activities and leads to shifts 
in microbial growth peaks (to higher temperatures) 
and bacterial community structure (towards the domi-
nance of heat-resistant taxa) (Birgander et  al. 2013; 
Donhauser et al. 2020; Gobiet et al. 2014). Previous 
studies have shown that soil microbial community 
assembly is based on deterministic and stochastic 
processes and varies greatly among different envi-
ronments (Jiao et  al. 2022; Nemergut et  al. 2005). 
Wang et  al. (2022) reported the primary ecological 
processes influencing the vertical distributions of 

bacterial (niche-based processes) and fungal com-
munities (niche and dispersal processes) in alpine 
peatlands during warming and noted that the bacterial 
communities in the lower soil layer of alpine peat-
lands became more similar after warming.

The structure and function of soil microbial com-
munities in alpine wetlands greatly changed after 
degradation. Wu et  al. (2022) reported that vegeta-
tion biomass, soil nutrients and microbial adaptation 
declined while microbial beta diversity (dominated by 
species replacement) increased from alpine swamps 
to meadows and steppes, with vegetation biomass 
being the main factor influencing microbial distri-
bution and community assembly. In this study, the 
diversity and evenness of soil microbial communi-
ties in alpine wetlands were significantly higher than 
those in alpine meadows, with greater abundances of 
Proteobacteria and Acidobacteria found in wetlands 
and greater abundance of Actinobacteria found in 
alpine meadows, which were similar to the microbial 
compositions reported in previous studies (Kang et al. 
2022; Qi et  al. 2021; Wang et  al. 2020; Zhou et  al. 
2019). Our study also suggested that wetland soils 
were significantly more dominant in the functions 
of “signal transduction mechanisms” and “cell wall/
membrane/envelope biogenesis”, whereas meadow 
soils were superior in the functions of “replication, 
recombination and repair” and “transcription”, fur-
ther indicating that degradation from alpine wetlands 
to alpine meadows has resulted in shifts in both the 
structure and function of soil microorganisms in order 
to adapt to new habitats.

The resistance and adaptation of soil microbes 
and related ecological processes to warming vary in 
ecosystems, as shifts in vegetation composition and 
consequent changes in substrate quality and micro-
climate alter nutrient competition between soil organ-
isms (Bardgett et al. 2008). In this study, both alpine 
wetlands and meadows presented the highest number 
of soil microbial species at 0 °C, followed by those at 
10 °C and 20 °C, indicating that warming gradually 
decreased the number of microbial species in alpine 
soils. Compared with meadow soils, wetland soils 
had more temperature-sensitive microbial species, 
many of which were Methanomicrobia in archaea, 
which is consistent with the findings of previous stud-
ies that revealed the important role of soil archaea in 
natural alpine wetlands (D’Alò et al. 2023; Shi et al. 
2016). Alpine wetlands had many Proteobacteria 
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that preferred 0 °C and Thaumarchaeota that favored 
20  °C, whereas meadow soils had more Actinobac-
teria at 0  °C and more Bacteroidetes at 20  °C. Fur-
thermore, although our results showed that warming 
increased many functions of soil microbial commu-
nities, “environmental adaptation” (KEGG pathway 
at level 2) in alpine wetlands and “signal transduc-
tion” in alpine meadows significantly decreased with 
increasing temperature, suggesting a potential threat 
of climate change to important ecological functions 
of alpine soils.

Correlations between soil DOM and microbes 
revealed differential biological responses to 
short‑term warming in alpine wetlands and meadows

As the most active and mobile organic matter, soil 
DOM influences the dynamics and interactions of 
soil nutrients and microbes in natural environments, 
serving as an important indicator of biogeochemical 
processes (Ding et al. 2020). Our results revealed that 
warming gradually decreased soil DOC content and 
microbial species in alpine wetlands, with diverse 
ecological responses found in different temperature 
ranges. Soil DOM in alpine wetlands had low micro-
bial inputs (BIX) and aromatic and hydrophobic com-
ponents (SUVA254 and SUVA260) at the lowest tem-
perature of 0 ℃, whereas the active decomposition of 
micromolecular substrates (high enzyme activities) 
increased the DOM molecular weight (SR) and DOC 
content, with DON and DP contents remaining low 
due to the cold environment. Warming to the maxi-
mum monthly ambient temperature of 10 ℃ greatly 
increased soil microbial inputs (BIX and tryptophan-
like peak II) and hydrolysis of macromolecular cel-
lulose (CBH activity), leading to increases in the aro-
maticity and hydrophobicity of DOM (SUVA254 and 
SUVA260) and the contents of DON and DP (espe-
cially DP), whereas the decreased decomposition 
of other substrates (βG, AP, NAG and Perox activi-
ties) resulted in a decrease in soil DOC content. The 
simulated warming scenario to 20 ℃ did not further 
increase microbial inputs but promoted the decom-
position of some substrates (βG and AP activities), 
which slightly increased the DOM molecular weight 
(SR) and DON content but further decreased DOC 
content in wetland soils.

Soil microbial species in alpine meadows also 
gradually decreased with warming, whereas soil 

DOC content in alpine meadows showed an oppo-
site increasing trend compared with that in alpine 
wetlands. Alpine meadow soils had inactive nutrient 
decomposition (low enzyme activities) and the low-
est DOC and DP contents at the lowest temperature of 
0 ℃, even though soil microbial inputs (BIX and solu-
ble microbial byproduct-like peak IV) were relatively 
high due to the presence of low-temperature dominant 
microbial species, which increased the aromaticity 
and hydrophobicity of DOM (SUVA254 and SUVA260) 
and the content of DON. Warming to 10 ℃ increased 
cellulose hydrolysis (CBH and βG activities) and the 
contents of DOC and DP in meadow soils, whereas 
the declining microbial inputs (BIX and peak IV) 
resulted in the decreases in DOM aromaticity and 
hydrophobicity and DON content. Further warming 
scenario to 20 ℃ further increased cellulose hydroly-
sis (CBH and βG activities) and triggered the active 
hydrolyses of chitin and phosphates (NAG and AP 
activities) and therefore greatly increased soil DOC 
and DON contents, whereas the increases in aromatic 
and hydrophobic components of soil DOM (SUVA254 
and SUVA260) might imped the further increase in 
soil DP content. In addition, peroxidase activity was 
significantly correlated (r = 0.674, p < 0.05) with the 
intensity of soluble microbial byproduct-like compo-
nents (peak IV) and was significantly highest at 0 ℃ 
in alpine meadows, indicating the strong detoxifica-
tion of peroxidase (Sinsabaugh 2010) found at low 
temperatures in alpine soils.

The molecular composition of soil DOM further 
revealed the biochemical dynamics in alpine wetlands 
and meadows under warming. In this study, alpine 
wetlands had fewer temperature-sensitive (signifi-
cantly different among three incubation groups) com-
pounds than did alpine meadows, and rising incuba-
tion temperature increased the identified compounds 
only in alpine meadows. This trend was generally 
consistent with the dynamics of soil DOC, DON and 
DP contents, which presented diverse trends in alpine 
wetlands but were all highest at 20 ℃ in alpine mead-
ows. This may be due to the fact that soil microbial 
communities in alpine wetlands are more resistant 
and adaptive to environmental changes than those 
in alpine meadows are, thereby attenuating changes 
in the content and molecular composition of soil 
DOM. Our study identified higher percentages of 
degradable compounds (i.e., lipids and proteins) and 
lower percentages of stable compounds (i.e., lignin 
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and tannins) in alpine soils than did previous stud-
ies (Zhang et al. 2022; Zhou et al. 2023), which may 
be due to differences in soil samples or experimen-
tal manipulation and instrumentation, given that the 
application of soil metabolomes is still new and lacks 
consistent standards.

Although warming is supposed to increase net car-
bon losses in many terrestrial environments due to the 
higher temperature sensitivity of soil respiration than 
of plant primary productivity, there is much uncer-
tainty caused by the diversity and complexity of SOM 
as well as the involvement of microbial activities 
(Bardgett et al. 2008). Multi-omics methods, such as 
metabolomes of soil DOM and metagenomes of soil 
microbial communities in this study, provide a more 
comprehensive picture of the ecological responses of 
alpine environments. Our results showed that alpine 
wetlands and meadows shared 92.6% of soil DOM 
compounds and 78.7% of soil microbial species, 
and the proportions of unique compounds and spe-
cies in the wetlands (5.8% and 21.3%, respectively) 
were higher than those in the meadows (1.6% and 
4.0%, respectively), indicating the greater complex-
ity of soil DOM and microbial compositions in alpine 
wetlands. In addition, the lower consistency between 
the two datasets (metabolomes and metagenomes) in 
alpine wetlands also indicated more complicated eco-
logical responses to short-term warming, which may 
be attributed to their higher soil nutrient contents and 
enzyme activities as well as a wider variety of bio-
chemical processes directly or indirectly involved and 
regulated by soil microorganisms.

In summary, this study revealed the similari-
ties and differences in a variety of soil biochemical 
indicators in alpine wetlands and meadows as well 
as their relationships and responses to short-term 
experimental warming. On the one hand, alpine wet-
lands presented higher contents of most soil nutrients 
and enzyme activities as well as greater diversities 
of soil DOM and microbial communities than did 
alpine meadows, indicating greater overall variabil-
ity in those parameters under short-term warming. 
On the other hand, warming gradually decreased soil 
DOC content in alpine wetlands (with most enzyme 
activities being highest at 0 ℃ and lowest at 10 ℃), 
whereas it increased that in alpine meadows (with 
most enzyme activities being highest at 20  ℃ and 
lowest at 0 ℃), with soil microbial species gradually 
decreasing with warming in both alpine soils. Future 

research should focus on long-term field experi-
ments across the whole soil profile in larger regions 
and incorporate more environmental and biological 
parameters to validate the proposed presumptions and 
deepen our understanding of alpine ecology.

Conclusions

Our research aimed to study the effects of short-
term warming and wetland degradation on ecologi-
cal processes in alpine ecosystems on the Tibetan 
Plateau and to fill the research gap in the integration 
of multi-omics approaches in environmental stud-
ies. By implementing short-term incubation at 0 °C, 
10 °C and 20 °C, we obtained insights into the differ-
ent soil biological responses in alpine wetlands and 
meadows. The results revealed that alpine wetland 
degradation decreased soil nutrient contents (TC, 
TN, DOC, DON and DP) and hydrolase activities 
(βG, CBH, NAG and AP), as well as the complexi-
ties of soil DOM and microbial communities. Warm-
ing gradually decreased the number of soil micro-
bial species in both alpine wetlands and meadows, 
whereas the responses of the above indicators were 
more diverse in the wetlands, with soil DOC content 
and most enzyme activities being highest at 0 ℃ in 
the wetlands but highest at 20 ℃ in the meadows. Our 
study identified temperature-sensitive soil ecologi-
cal processes in alpine ecosystems and indicated that 
both wetland degradation and warming simplified the 
adaptive capacity of alpine wetlands to environmental 
changes, which is highly important for alpine ecosys-
tem conservation in the context of climate change.
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