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Introduction: In the Qinghai–Tibet Plateau (QTP), alpine meadows are among 
the most noticeable reflection of global climate change. However, effects of 
global warming on soils hosting alpine meadows in the QTP, such as reduced 
moisture because of low precipitation, remain unclear.

Methods: Here, the soil moisture content (SMC), pH, dissolved organic carbon 
(DOC), ammonium nitrogen (NH4

+–N), nitrate nitrogen (NO3
−–N) and available 

phosphorus (AP) contents in the QTP were analyzed. The changes in and 
stoichiometries of total carbon, nitrogen, and phosphorus (TC, TN, and TP), 
microbial biomass carbon, nitrogen, and phosphorus (MBC, MBN, and MBP), 
β-1,4-glucosidase (BG), β-1,4-N-acetylglucoaminosidase (NAG), leucine 
aminopeptidase (LAP), and acid phosphatase (ACP) in the 0–30 cm layer of soils 
associated with warming in a greenhouse in the QTP from 2015 to 2020 were 
characterized.

Results: We found that warming in the greenhouse significantly decreased the 
SMC, NO3

−–N, MBC, MBN, MBP, BG, LAP, ACP, and enzymatic C:N ratio. The 
warming increased the DOC, NH4

+–N, AP, MBC:MBN, and enzymatic N:P ratios 
noticeably. The pH, TC, TN, TP, C:N, C:P, N:P, MBC:MBP, MBN:MBP, and enzymatic 
C:P ratios were minimally affected.

Conclusion: The results showed that warming and isolation from precipitation 
promoted mineralization of N and P in the soil but did not significantly alter the 
cycling of elements in soils in an alpine meadow.
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1. Introduction

Worldwide, warming and precipitation variability is the most 
important manifestation of global climate change (Zhang W. X. et al., 
2021), and these events will become more frequent in the future 
(IPCC, 2021). According to climate models, the global average 
temperature of the atmosphere will increase by 2–5°C relative to the 
pre-industrial revolution level before the end of the 21st century 
(Wieder et  al., 2013; Meng et  al., 2020). Temperature is a major 
driver of biogeochemical processes and thus warming alters the 
cycling of carbon (C), nitrogen (N), and phosphorus (P) in terrestrial 
ecosystems (Zhou et al., 2013a,b). Global warming increases the 
release of C from plants (leaves and roots) during photosynthesis 
(Zhao et al., 2016; Wang et al., 2021), the decomposition of soil 
organic C, and the flux of C from soils because of the enhanced 
activation of these processes (Fang et  al., 2015). To improve the 
prediction of consequences linked to global warming, numerous 
simulation studies have been conducted (Fu et al., 2012; Wang et al., 
2014; Meng et  al., 2020). However, these studies have produced 
conflicting result. For example, the responses of microbial 
communities in soils to global warming differ according to the 
duration of experiments. Short-term (<3 years) warming studies 
show no significant impact on the microbial biomass in soils, 
whereas, warming that exceeds 3 years either increased or decreased 
the microbial biomass (Fu et al., 2012). Moreover, numerous studies 
have demonstrated that global warming is worsening phenomena 
such as droughts (Hu et  al., 2020) because high temperatures 
stimulate evaporation and plant transpiration and increase soil water 
loss (Harte et al., 1995; Wan et al., 2002). Additionally, these studies 
commonly focused on one factor (Hu et al., 2020), such as warming 
(Fu et al., 2012; Wang et al., 2014; Meng et al., 2020), precipitation 
variability (Hu et al., 2020), and N deposition (Yang et al., 2021). 
Therefore, studies to evaluate the response of terrestrial ecosystems 
(grassland, forest, cropland) to climate change based on multiple 
components (Zhou et al., 2013a), such as vegetation and soil, as well 
as their interrelationships, are needed.

Soil is a crucial component of terrestrial ecosystems. It is the 
primary source of nutrients and water for plant growth, and thus, 
regulates the proliferation of plants (Yang et al., 2018; Tan et al., 2021). 
In soils, C, N, and P affect the metabolism and growth of plants, and 
therefore, a better understanding of relationships and the dynamics 
between elements can improve the management of terrestrial 
ecosystems (Tan et al., 2021). In addition to its utility for predicting 
the retention of nutrients and biomass production at varying scales 
(subcellular to ecosystem scales), the ecological stoichiometric 
approach enables the exploration of material circulation, energy 
balance, and the relationship between vegetation and the environment 
in terrestrial ecosystems (Sinsabaugh et al., 2009; Li et al., 2013; Yang 
et al., 2018). Thus, the ecological stoichiometric was used to reveal 
climate change (e.g., warming and precipitation variability) in the 
turnover of soil elements is very credible.

In soils, microorganisms cause decay of organic matter (Zhou 
et al., 2013a), maintain the balance between C, N, and P in terrestrial 
ecosystems (Gong et  al., 2019), and ensure the availability of 
nutrients to plant through the provision of extracellular enzymes 
(Zhou et  al., 2013a; Zhu et  al., 2020). Therefore, the microbial 
biomass and elemental composition of secreted enzymes can 
be severely affected by the C:N:P ratio of the soil (Zhou et al., 2013a; 

Gong et al., 2019; Zhu et al., 2020). For, example, strong correlations 
were reported between the soil C:N and C:P ratios in high 
mountains, low mountains, and lowlands (Li et al., 2012; Gong et al., 
2019). However, according to other studies, the stoichiometry of 
elements in soils and microbial biomass exhibit a weak or no 
correlation (Ehlers et  al., 2010). In these studies, the ratios of 
elements in the microbial biomass were considered homeostatic and 
independent of the soil environment (Li et  al., 2012). The 
relationships between elements in biomass and soils remain unclear. 
Therefore, to improve adaptation to climate change, further studies 
elucidating relationships between the stoichiometry of elements in 
soils and microbial biomass are needed.

The Qinghai–Tibet Plateau (QTP) is an area extremely sensitive 
to global climate change, and its ecosystems are quite fragile (Wang 
et al., 2014; Yang et al., 2018, 2021; Zhu et al., 2020). In particular, 
the average temperature rise in the region is ~40% higher than the 
global average (Luo et  al., 2009; Zi et  al., 2018). Therefore, it 
represents an ideal region for characterization of the response of 
terrestrial ecosystems to global climate change, such as warming 
(Luo et al., 2009; Fu et al., 2012; Zhao et al., 2016; Zi et al., 2018), 
warming and N fertilization (Zhao et  al., 2014), increasing 
precipitation and warming (Niu et al., 2010). In addition, annual 
precipitation in the central part of the QTP exhibits an increasing 
trend, whereas a decreasing trend is displayed outside the region 
(Yang et al., 2011). Considering that vegetation covers more than 
40% of the QTP, many studies on effects of global warming and other 
factor on plants and soils have been conducted in the region (Luo 
et al., 2009; Niu et al., 2010; Fu et al., 2012; Zhao et al., 2014, 2016; 
Zi et al., 2018). For example, warming can alter species of plant 
communities because of the enhanced availability of nutrients to 
competitive species, thereby inhibiting the growth of less competitive 
species (Zhao et al., 2016). Therefore, the growth and production of 
plants can be changed because of variations in the growing season 
and phenology of plants (Zi et al., 2018). Nevertheless, few studies 
on interactions between climatic factors and soils in alpine steppe 
ecosystems are available. Altitude, soil temperature and C/N ratio 
have the greatest impact on the diversity and composition of soil 
microbial communities in alpine ecosystems. Altitude is the most 
important environmental factor. It can not only adjust the availability 
of microclimate and nutrients, but also affect microbial communities 
by adjusting geographical distance (Cui et al., 2019). Due to the steep 
environmental gradient, different climatic zones may occur over a 
very short geographical distance. Therefore, we also need to carry 
out long-term multi-gradient warming research to explore the 
adaptation of the QTP to climate change.

Thus, here, a greenhouse experiment was conducted in an alpine 
meadow in the northeastern margin of the QTP, China. The 
hypothesis was that isolation from precipitation and warming can 
significantly alter the cycling of elements in soils in an alpine 
meadow. This study had three objectives: (1) determine if ecological 
stoichiometric characteristics, such as extracellular enzyme 
activities, were significantly altered, (2) determine changes in the 
cycling of elements in the soils, and (3) highlight mechanisms of the 
alterations caused by warming and decreased precipitation. 
We  studied the relationship between soil physical and chemical 
properties and soil EEAs, which may provide insights on the 
mechanism of the interaction between climate factors and soil in 
alpine grassland ecosystem.
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2. Materials and methods

2.1. Site description

The alpine meadow that was studied is in Hongyuan County, 
Sichuan Province, in the northeastern margin of the QTP, China 
(32°58′N, 102°37′E, 3475 m a.s.l.). The area is characterized by a cold 
plateau climate, with a mean annual temperature of 1.57°C and mean 
annual precipitation (1961–2015) of 752.21 mm (data from Chinese 
Meteorological Data Service Centre, http://data.cma.cn//). The coldest 
and hottest months are January and July, with mean temperatures of 
−9.66 and 11.12°C (Yang et al., 2021).

Soil in the study area is typical of an alpine meadow according to 
the soil classification standard of China. The meadow that was studied 
has served as a winter pasture (November–May) for yaks since 1996, 
and thus, it was fenced in July 2013. Vegetation in the region is 
dominated by the following species: Elymus nutans Griseb., 
Deschampisa caespitosa (L.) Beauv., Koeleria litwinowii Dom., Kobresia 
setchwanensis Hand.-Mazz., Festaca ovina L., Saussurea nigrescens 
Maxim., Trollius farreri stapf, Anemone rivularis Buch.-Ham. ex 
DC. var. flore-minore Maxim., and Astragalus polycladus Bur. et 
Franch (Yang et al., 2021).

2.2. Experimental design and sampling

One greenhouse (27 × 7.2 × 3.5 m) that was constructed in 
September 2015 was unperturbed prior to sampling. Temperature data 
loggers (WatchDog B101) were installed inside and outside the 
greenhouse on April 19, 2020, to collect data that were utilized for 
analyzing effects of warming. A data logger (A1) was installed at a 
height of 1.5 m in the center of the greenhouse to measure the air 
temperature, while another (A2) was buried at a depth of 10 cm at the 
same location as A1 to collect temperature data in the soil. Two data 
loggers (A3 and A4) were installed similar to A1 and A2, ~10 m from 
the edge of the greenhouse, to measure the air and soil temperature 
outside. The data loggers were retrieved and taken to the laboratory 
on May 11, 2021, and the collected data were downloaded.

In July 2020 (~5 years following the commencement of the 
greenhouse experiment), five 1 × 1 m quadrats (W, warming) along the 
principal axis of the greenhouse that were ~3 m apart were selected for 
sampling. In addition, five 1 m × 1 m quadrats (CK) ~10 m from the 
edges of the greenhouse were sampled. In each quadrant, the soil 
surface was cleaned and five cores (evenly distributed along a 
diagonal) were collected from the 0–30 cm (0–10, 10–20, and 
20–30 cm intervals) layer using an auger (4 cm in diameter), and these 
were used for determination of properties of the soils.

2.3. Laboratory analysis

2.3.1. Sample preparation
Soil samples from each quadrant were mixed to produce a 

composite, which was sieved through a 2-mm mesh. Part of the sieved 
sample was used subsequently to determine the soil moisture content 
(SMC), pH, dissolved organic carbon (DOC), ammonium nitrogen 
(NH4

+–N), nitrate nitrogen (NO3
−–N), microbial biomass carbon 

(MBC), microbial biomass nitrogen (MBN), microbial biomass 

phosphorus (MBP), β-1,4-glucosidase (BG), β-1,4-N-
acetylglucoaminosidase (NAG), leucine aminopeptidase (LAP), and 
acid phosphatase (ACP) contents. Another portion was air-dried, and 
a split was ground to <0.25 mm in diameter and used to determine the 
concentration of available phosphorus (AP), whereas another split was 
ground to <0.15 mm and utilized to measure the concentrations of TC, 
TN, and TP.

2.3.2. Determination of soil properties
Approximately 5 g of fresh soil was used to determine the pH of 

each sample using an acidimeter (PHS-3C, Shengke, China) following 
extraction for 30 min (200 r min−1) with distilled water (m:v = 1:5) at 
the ambient temperature. Relatedly, ~10 g of fresh soil was used to 
measure the SMC of each sample by drying to a constant weight at 
105°C (Jiao et al., 2020). Further, another 5 g of fresh soil was extracted 
with 2 M KCl (m:v = 1:10) and filtered through a 0.45 μm filter 
membrane, and the DOC was determined from this sample using an 
automated total organic C analyzer (Shimadzu, TOC-Vwp, Japan; 
Zhang et  al., 2018). A continuous flow analytical system (Auto 
Analyzer Bran + Luebbe, Germany) was used to determine the 
concentrations of NH4

+–N and NO3
−–N in the samples following the 

extraction of ~5 g of fresh soil with 2 M KCL (m:v = 1:10) on a shaker 
(200 r min−1) at the ambient temperature for l h. The concentrations 
of AP in the soil samples were determined using a spectrophotometer 
(Shimadzu, UV2450, Japan) at 880 nm after extraction with 0.2 M 
NaHCO3 (m:v = 1:10) on a shaker (200 r min−1) at the ambient 
temperature for l h, whereas those of TC and TN were measured using 
an elemental analyzer (Elementar Vario MACRO, Elementar, 
Germany). The concentration of TP was determined colorimetrically 
using a spectrophotometer (Shimadzu, UV2450, Japan) at 880 nm 
after the digestion of each sample with H2SO4 and H2O2 followed by 
H2SO4 and HClO4 (Yang et al., 2018). The stoichiometric ratios of C, 
N, and P are based on the mass of each element.

2.3.3. Measurement of the soil microbial biomass
The concentrations of MBC, MBN, and MBP were determined 

based on the chloroform-fumigation extraction method. 
Approximately 10 g of fresh soil was fumigated with chloroform in the 
dark for 24 h (fumigated soil), while another 10 g was cultivated 
without chloroform in the dark for 24 h (nonfumigated soil). 
Subsequently, ~5 g each of fumigated and nonfumigated soil samples 
were extracted using 0.5 M K2SO4 (m:v = 1:5) on a shaker at the 
ambient temperature for l h (200 r min−1). The concentrations of MBC 
and MBN were then determined correspondingly using an automated 
total organic C analyzer (Shimadzu, TOC-Vwp, Japan) and an auto 
analyzer (Bran + Luebbe, Germany). The other 5 g each of fumigated 
and nonfumigated soil samples were extracted using 0.5 M NaHCO3 
(m:v = 1:10, pH = 8.5) on a shaker at the ambient temperature for 
30 min (200 r min−1). The concentration of MBP in each soil sample 
was then determined using a spectrophotometer (Shimadzu, UV2450, 
Japan) at 880 nm. The soil microbial biomass element (MBE) was 
determined using the following expression:

 
MBE CF CUF K= −( ) /  

(1)

where CF is the concentration of an element in the fumigated soil, 
CUF is the concentration of an element in the nonfumigated soil, and 
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K is the correction factor. In the present study, the K values that were 
used for calculation of the MBC, MBN, and MBP were 0.45, 0.54, and 
0.4, respectively (Zederer et al., 2017). The stoichiometric ratios of the 
MBC, MBN, and MBP are expressed based on the mass of 
each element.

2.3.4. Measurement of extracellular enzyme 
activities

A slightly modified 4-methyl-umbelliferyl substrate conjugate was 
used to determine extracellular enzyme activities (EEAs) (Saiya-Corka 
et al., 2002). Approximately 1 g of fresh soil (diameter < 0.15 mm) was 
mixed with 125 ml of an acetate buffer (50 mM, pH = 5.0) on a shaker 
(200 r min−1) at room temperature for 20 min to produce soil 
suspensions. Black 96-well microplates were then divided into six 
parts and eight replicate wells for each part. These included the 
following: sample assay (SA), sample control (SC), quench control 
(QC), reference standard (RS), negative control (NC), and blank (B) 
wells. First, 200 μL of the buffer was added to each of the B, RS, and 
NC wells. Second, 50 μL of the buffer was added into each of the B and 
SC wells to eliminate the natural fluorescence interference of the 
buffer and soil in the well plate. Third, 200 μL of the soil suspension 
was added to each of the SC, SA, and QC wells, and then 50 μL of a 
10-μM MUB solution was poured into each of the RS and QC wells. 
Finally, 50 μL of a 200-μM MUB-linked substrate was added to each 
of the NC and SA wells, and the time was noted. The microplates were 
covered and incubated in the dark at 25°C for 4 h, and 10 μL of 1.0 M 
NaOH was added to each well to stop the reaction. The fluorescence 
intensities of samples were then measured at excitation wavelength of 
365 nm and 450 nm emission filters. The substrates for the BG, NAG, 
LAP, and ACP were 4-methylumbelliferyl-β-D-glucopyranoside, 
4-Methylumbelliferyl, N-acetyl-β-D-glucosaminide, L-Leucine-7-
amino-4-methylcoumarin hydrochloride, and 4-Methylumbelliferyl 
phosphate, respectively. The EEAs were calculated according to the 
method described in a previous study (DeForest, 2009) and expressed 
in mmol h−1 g−1. The C:N, C:P, and N:P ratios of extracellular enzymes 
were correspondingly expressed as Ln(BG):Ln(LAP + NAG), 
Ln(BG):LN(ACP), and Ln(LAP + NAG):Ln(ACP) (Zhu et al., 2020).

2.4. Data analysis

The Statgraphics3.0 software (STN, St Louis, MO, United States) 
was used to perform all statistical analyses. The two-way ANOVA was 
used for data analysis following normality testing. The treatment (CK 
and W) and soil depth (0–10, 10–20, and 20–30 cm) served as 
independent variables. The Tukey-HSD was used to correct p-values 
associated with the multi-comparisons, and the difference between 
means was considered significant if the p-value of the ANOVA F-test 
was ≤0.05. All data are expressed as the mean ± the standard 
error (SE).

3. Results

3.1. Microclimate analysis

The results show that compared with the control, the greenhouse 
increased the air and soil temperatures by average values of 8.32 and 

7.52°C, respectively (Figure 1; Supplementary Table S1, p < 0.001) 
between April 20, 2020 and October 10, 2021.

3.2. Variations in soil properties and the 
concentrations of carbon, nitrogen, and 
phosphorus

Compared with the control, the greenhouse significantly 
decreased the SMC (Figure  2A, p < 0.001) and concentration of 
NO3

−–N (Figure 2E, p < 0.001) in the soil. In contrast, the greenhouse 
increased the concentrations of DOC (Figure 2C, p < 0.001), NH4

+–N 
(Figure  2D, p < 0.001), and AP (Figure  2D, p < 0.001) in the soil. 
Interestingly, the greenhouse minimally affected the pH (Figure 2B, 
p = 0.410), and concentrations of TC (Figure  3A, p = 0.827), TN 
(Figure  3B, p = 0.713), and TP (Figure  3C, p = 0.860) in the soil. 
Moreover, the C:N (Figure 3D, p = 0.615), C:P (Figure 3E, p = 0.781), 
and N:P (Figure  3F, p = 0.605) ratios for samples from inside and 
outside the greenhouse were comparable.

3.3. Variations in soil microbial biomass and 
enzymes

The concentrations of MBC (Figure 4A, p < 0.001), MBN (Figure 4B, 
p < 0.001), and MBP (Figure  4C, p < 0.001), and activities of BG 
(Figure 5C, p < 0.001), LAP (Figure 5C, p < 0.001), NAG (Figure 5C, 
p = 0.001), and ACP (Figure 5D, p < 0.001), as well as the enzymatic C:N 
ratio (Figure  5E, p < 0.001) for samples from the greenhouse were 
considerably lower than those for samples from outside. In contrast, 
compared with control samples, the greenhouse increased the MBC: 
MBN (Figure 4D, p < 0.001) and enzymatic N:P (Figure 5G, p < 0.001) 
ratios. Notably, the MBC:MBP (Figure  4E, p = 0.267), MBN:MBP 
(Figure 4F, p = 0.159), and enzymatic C:P (Figure 5F, p = 0.064) ratios for 
soils inside and outside the greenhouse were comparable.

4. Discussion

4.1. Variations in soil properties

According to previous studies, warming can increase evaporation 
from soils and transpiration of plants, and these processes decrease 
the availability of water, and thus, the SMC (Zhou et al., 2013a,b). In 
the present study, the SMC was significantly decreased (Figure 2A) 
compared with the control. However, in addition to the warming, the 
greenhouse shielded the soil from precipitation during the period 
from September 2015 to July 2021 (prior to sampling). Therefore, the 
SMC was dependent on soil osmosis and capillary pore conditions in 
the greenhouse (Xiao et al., 2011), and the weakened soil capillary 
action caused by the increased evaporation exacerbated the decrease 
in the SMC (Wu et al., 2019).

In a previous study, warming was reported to exert no significant 
effect on the pH of soils in alpine meadows in the QTP (Zheng et al., 
2012), and results in the present study are consistent with this 
observation (Figure 2B). However, the 5 years duration of warming 
was probably short to significantly influence the soil pH. According 
to another study on alpine meadows, warming starts to considerably 
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impact the soil pH after at least 20 years (Zhang X. et  al., 2021). 
Considering that fungi are tolerant to low pH conditions and high 
pH conditions are favorable for the growth of bacteria (Zhang et al., 
2016). Therefore, the slight increase of the soil pH in the greenhouse 
(Figure 2B) probably increased the population of bacteria. However, 

a high MBC:MBN ratio (Figure 4D) is attributed to an increase in 
fungi (Yang et al., 2018), and thus, the impact of a high pH in the 
present study appears inconsistent with previous observations. 
Therefore, the effect of warming in alpine meadows on the soil pH 
requires further investigation.

A

B

FIGURE 1

The mean temperature of air (A) and 10 cm soil (B) under control and warming during 20/4/2020–10/5/2021.

A B C

D E F

FIGURE 2

The SMC (soil moisture content) (A), pH (B), DOC (dissolved organic carbon) (C), NH4
+-N (ammonium nitrogen) (D), NO3

−-N (nitrate nitrogen) (E) and 
AP (available phosphorus) (F) of soil under control and warming. p-value of the ANOVA of treatments (control and warming, N), soil depths (0–10, 
10–20 and 20–30 cm, D) and interactive of treatments and soil depths (N*D) is indicated: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.
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A B C

D E F

FIGURE 3

The concentration of total carbon (A), total nitrogen (B), total phosphorus (C), and the ratio of C:N (D), C:P (E) and N:P (F) of soil under control and 
warming. p-value of the ANOVA of treatments (control and warming, N), soil depths (0–10, 10–20 and 20–30 cm, D) and interactive of treatments and 
soil depths (N*D) is indicated: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.

A B C

D E F

FIGURE 4

The microbial biomass carbon (A), microbial biomass nitrogen (B), microbial biomass phosphorus (C), and their stoichiometric ratios (D–F) of soil 
under control and warming. p-value of the ANOVA of treatments (control and warming, N), soil depths (0–10, 10–20 and 20–30 cm, D) and interactive 
of treatments and soil depths (N*D) is indicated: *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ns, not significant.
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The soil DOC exerts an important influence on the biochemical 
cycle. According to a previous study, warming significantly increased 
the DOC concentration in soil solutions (Luo et al., 2009), and this 
observation is consistent with results in the present study (Figure 2C). 
Warming enhances biological activity, including the decomposition of 
organic matter in soils (Luo et al., 2009). Moreover, warming and 
drying promote the production of dissolved organic matter (Luo et al., 
2009). The decrease of soil moisture enhances the release of soil 
organic matter from roots (Kuzyakov and Domanski, 2000), and the 
amount of soil leached impacts the concentration of DOC (Zhang 
Q. Y. et al., 2019; Zhang S. S. et al., 2019). Owing to the lower leaching 

associated with drying, the released DOC was low, and thus, the soil 
DOC increased (Figure 2C).

The results in the present study reveal that warming and drying 
significantly increase the concentration of NH4

+–N (Figure 2D) and 
decrease the concentration of NO3

−–N (Figure  2E) in soils. These 
results show that even though the N mineralization rate increased, the 
nitrification rate in the soil decreased. In all ecosystems, a decrease in 
the availability of water limits the growth of plants (Hartmann et al., 
2013; Schaeffer et al., 2017). This in turn reduces the production of 
roots and litter, which are the principal sources of N for plant growth 
(Hartmann et al., 2013; Schaeffer et al., 2017). According to previous 

A E

B F

C

D

G

FIGURE 5

The activity of BG (β-1,4-glucosidase) (A), LAP (leucine aminopeptidase) (B), NAG (β-1,4-N-acetylglucoaminosidase) (C) and ACP (acid phosphatase) 
(D) and the stoichiometric ratios of C-, N- and P-degrading enzymes (E–G) of soil under control and warming. p-value of the ANOVA of treatments 
(control and warming, N), soil depths (0–10, 10–20 and 20–30 cm, D) and interactive of treatments and soil depths (N*D) is indicated: *p ≤ 0.05;  
**p ≤ 0.01; ***P ≤ 0.001; ns, not significant.
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studies, the accumulation of NH4
+–N begins during a drought period, 

and the rate is higher than that of NO3
−–N because of the lower 

nitrification in dry soils (Manzoni et  al., 2014). Cells from dead 
microorganisms promote mineralization of N by drought-surviving 
microorganisms (Schaeffer et  al., 2017), and this increased the 
concentration of NH4

+–N in the soil (Figure  2D). In contrast, the 
concentration of NO3

−–N in the soil decreased (Figure 2E). This is 
attributed to the low microbial activity in the soil that is associated with 
the loss of soil moisture (Figure  2A), which inhibited nitrification 
(Khan et al., 2016). Moreover, the N uptake preference of plants will 
also change at different growth stages (Cui et al., 2017). At the same 
time, a large amount of nitrate absorbed by plants may be assimilated 
into ammonium roots and amino acids in roots, resulting in the 
reduction of NO3

−–N content (Liu et al., 2017). Alternatively, 16S rRNA 
gene abundance data suggest that the nitrifying activity of bacteria and 
archaea in the soil decreased under drought conditions, and the 
reduced nitrification rate accounts for the low NO3−–N concentration 
(Hartmann et al., 2013; Figure 2E). While, low MBN (Figure 4B), and 
high MBC/MBN ratio (Figure 4D) reflect a decrease in nitrifiers in the 
greenhouse soil (Khan et al., 2016). Therefore, as the SMC decreased 
(Figure 2A), the NO3

−-N concentration also decreased (Figure 3E). 
Concurrently, the increasing temperature and decreasing water content 
promoted mineralization of organophosphorus in the soil (Zuccarini 
et al., 2020). The associated improved availability of P in the soil is 
manifested by the elevated concentration of AP (Figure 3F).

4.2. Variations in soil carbon, nitrogen, and 
phosphorus, and their stoichiometries

Warming alters the activities of enzymes in soils, and this 
subsequently affects the cycling of C and N (Gong et al., 2015). In the 
present study, the concentrations of TC (Figure 3A), TN (Figure 3B), 
and TP (Figure 3C) and the C:N (Figure 3D), C:P (Figure 3E), and N:P 
(Figure  3F) ratios of the soil were high. These results suggest that 
changes in the DOC, NH4

+–N, NO3
−–N, and AP were probably 

insufficient to alter the stability of their coupled relationships. This 
implies that the warming and isolation from precipitation in the present 
study minimally altered the cycling of C, N, and P in the alpine meadow.

In terrestrial ecosystems, the soil is an important pool for C and 
N, and their inputs (plant photosynthesis) and outputs (microbial 
decomposition, N absorption, and inter-cycling) control the balance 
of these elements (Tang et al., 2021). In the warming experiment, the 
net primary production and plant C absorption as total primary 
production increased (Deng et al., 2021; Tang et al., 2021). However, 
the increase was offset by the rise in C emissions to the atmosphere, 
and thus, no significant change occurred in the TC content of the soil 
(Figure 4A). Alternatively, the effect of warming on the soil respiration 
continued to decline, and thus, no significant change was observed as 
the duration of warming increased (Frey et al., 2008). This indirectly 
demonstrates that soil carbon minimally changed, and this was likely 
because the effect of decreased precipitation and warming in the 
meadow attained a stable state.

Relatedly, the net N mineralization rate increased because of the 
warming, whereas the soil TN was unaffected, and this is probably 
linked to the limited microbial carbon source (Tang et al., 2021). Even 
though the decomposition of organic matter can alter the soil TP, this 
change is limited, because it largely depends on the weathering of rocks 

(Yang et al., 2015; Jiao et al., 2016). Therefore, in the present study, the 
concentration of TP in the soil was unaffected by warming (Figure 4C). 
Moreover, the C:N:P stoichiometric ratio of soil directly influences the 
genetic resistance of the microbial population (Luo et al., 2020). In the 
present study, the C:N (Figure  4D), C:P (Figure  4E), and N:P 
(Figure 4F) ratios exhibited no significant change, and this is possibly 
because the microbial community can maintain a stoichiometric 
steady-state as an adaptation to changes in the status of nutrients.

4.3. Variation in soil microbial biomass

Microbes can decrease the production of enzymes, for example, 
by limiting substrates and other resources, including water 
(Nannipieri et  al., 2012; Stark et  al., 2014). This observation is 
consistent with results obtained in the present study (Figures 4A–C). 
The microbial biomass in soil is closely correlated to the type of 
vegetation (Baldrian et  al., 2008). Deep-rooted species, such as 
grasses, can increase the storage of carbon via inputs of root 
material, microbial processing, and matrix stabilization, whereas 
forbs are associated with the opposite (Liu et al., 2018). In fact, if 
the proportion of grass decreases while that of forbs increases 
(unpublished data), soil root exudates and the MBC decrease 
(Figure 4A). In addition, bacteria need more N for assimilation 
than fungi (Högberg et al., 2007), and an increase in temperature is 
favorable for fungi in the soil microbial community (Zhao et al., 
2014). This is consistent with the decrease in MBN that was 
obtained in the present study (Figure 4B). The increase in fungi 
explains the high MBC:MBN ratio (Figure 4D), considering that the 
C:N ratio of fungi (4.5–15) is significantly higher than that of 
bacteria (3–5) (Yang et al., 2018). The warming also increased the 
availability of N, which limited the phosphorus from 
microorganisms, which explains the decline in the concentration of 
MBP (Gong et al., 2019). In the present study, the MBC:MBN ratio 
(Figure  4D) in the soil increased, whereas the MBC:MBP 
(Figure  4E) and MBN:MBP (Figure  4F) ratios exhibited minor 
changes under the warming and decreased precipitation conditions. 
These changes mainly depended on the sampling period, and the 
level is the main factor that affects both the MBN and MBP 
concentrations (Li et al., 2016).

According to a previous simulation study, warming significantly 
increased the availability of nutrients, but the soil microbial biomass 
was essentially unchanged. These observations suggest that 
microorganisms in the soil did not directly benefit from higher 
availability of nutrients (Xu et al., 2010). While, in this study, warming 
and isolation from precipitation in the greenhouse significantly 
increased the concentrations of DOC (Figure  2C), NH4

+–N 
(Figure 2D) and AP (Figure 2F), whereas the concentrations of MBC 
(Figure 4A), MBN (Figure 4B), and MBP (Figure 4C) decreased. These 
results also suggest that microorganisms in the soil failed to benefit 
directly from the higher availability of nutrients under the 
warming conditions.

4.4. Variations in activities of soil enzymes

The effects of warming on soil EEA that have been reported in 
previous studies vary (Zhou et al., 2013a; Wang et al., 2014). However, 
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in this study, the BG (Figure  5A), LAP (Figure  5B), and ACP 
(Figure 5D) significantly decreased, whereas the NAG (Figure 5C) 
slightly decreased (mean = 15.32% for the 0–30 cm soil layer). In 
general, warming can enhance the efficiency of extracellular enzymes, 
thereby decreasing the production of such enzymes by microbes 
involved in the cycling of C and nutrients (Zhou et al., 2013a). This 
observation is supported by the strong positive correlations between 
the soil EEA and MBC (r = 0.693–0.809, p < 0.01), MBN (r = 0.717–
0.907, p < 0.01), and MBP (r = 0.785–0.911, p < 0.01) 
(Supplementary Table S2). In addition, the strong positive correlation 
between the soil EEA and SWC (r = 0.439–0.869, p < 0.01; 
Supplementary Table S2) indicates that the soil EEA mainly depends 
on the soil moisture (Carlyle et  al., 2011; Zhou et  al., 2013a). 
Excluding the BG, the hydraulic isolation in soils caused by drought 
exerts direct physiological and indirect (reduction of substrate 
diffusion) pressures on the microbial community (Schaeffer et al., 
2017). These pressures decrease microbial activities, and thus, 
accelerate the decomposition of organic carbon in soil, thereby 
decreasing the soil SOC (Schindlbacher et al., 2011; Schaeffer et al., 
2017). The BG is closely related to the decomposition of cellulose, and 
its activity was also decreased by the warming (Zhou et al., 2013a; 
Figure 5A). The significant decrease in the N-acquisition enzyme 
LAP (Figure 5B) and slight decrease in the NAG (Figure 5C) under 
the warming conditions in this work may be  linked to decreased 
oxidation of NH4

+–N and an increase in the concentration of NH4
+–N 

(Hartmann et al., 2013).
Therefore, the synthesis of N-acquisition enzymes (NAG and 

LAP) appears to be closely related to the fungal biomass, whereas 
some C-acquisition enzymes (e.g., BG) are more associated with 
bacteria (Fanin et  al., 2016). Therefore, the decrease in the 
enzymatic C:N ratio (Figure 5E) was likely caused by an increase in 
fungi/bacteria in the microbial community owing to the warming. 
In the present study, the decrease in the enzymatic C:N ratio 
(Figure 5E) is primarily associated with the decrease in the BG 
(Figure 5A), which is more than those of the total LAP (Figure 5B) 
and NAG (Figure 5C). This is because the temperature sensitivities 
of N-acquisition enzymes are lower than those of C-acquisition 
enzymes (Steinweg et  al., 2013). Therefore, the N-acquisition 

enzymes slightly decreased in response to the N limitation under 
warming conditions (Steinweg et al., 2013). However, considering 
that the activities of the BG and ACP decreased comparably, the 
enzymatic C:P ratio exhibits no significant change (Figure 5F). This 
is probably because the soil microbial community can attain a 
stoichiometric homeostasis in response to changes in the status of 
nutrients. To reach the elemental homeostasis, microorganisms can 
alternatingly adjust their production of extracellular enzymes by 
maximizing the mobilization of substrates that are rich in limiting 
elements (Mooshammer et al., 2014).

A field experiment in a temperate grassland region revealed 
significant differences in the response of soil EEA at different depths 
to climate change (Zhou et al., 2013a). In particular, changes in the 
0–10 and 10–20 cm soil layers were mainly driven by the pH, NH4

+–N, 
and NO3

−–N, and NH4
+–N, and the microbial biomass, respectively 

(Zhou et al., 2013a). However, results obtained in this study (Figure 5) 
differed from those of this previous study (Zhou et al., 2013a). The 
differences are mainly attributed to direct effects of warming on the 
soil temperature and SWC, instead of changes in the quantity of 
organic matter and the quality of nutrients in the soil (Sardans et al., 
2008). Therefore, the SMC and activities of extracellular enzymes 
decrease as the depth of the soil layer increases (Figure  5A). 
Meanwhile, the strong positive correlations between the WSC and 
MBC (r = 0.537, p < 0.01), MBN (r = 0.801, p < 0.01), MBP (r = 0.681, 
p < 0.01), BG (r = 0.869, p < 0.01), LAP (r = 0.628, p < 0.01), NAG 
(r = 0.439, p < 0.01), and ACP (r = 0.845, p < 0.01; 
Supplementary Table S2) in this study are probably because of the 
isolation of soil in the greenhouse from precipitation for ~5 years, and 
thus, the soil in the greenhouse was severely short of water. 
Alternatively, the EEA data in the present study may be controlled 
primarily by the WSC in the 0–30 cm soil layer.

4.5. Effects of warming and isolation from 
precipitation on the availability of nitrogen

In alpine meadows, soil N is usually limited (Yang et al., 2021), 
and this can be accentuated as other components change because of 
warming and isolation from precipitation (Figure  6). First, the 
decrease in the concentration of NO3

−–N surpassed the increase in the 
concentration of NH4

+–N (Figures  2D,E). This was because the 
mineralization of N was promoted (Schaeffer et al., 2017), nitrification 
of N was inhibited (Hartmann et al., 2013; Khan et al., 2016), and a 
large amount of N absorbed by plants (Liu et al., 2017). Alternatively, 
the concentration of available N decreased (Supplementary Table S2). 
Second, the concentrations of MBC, MBN, and MBP significantly 
decreased because of the warming and drought, and the decrease in 
the concentration of MBN was higher than that of the MBC 
(Figures 3A–C), and thus, the MBC:MBN ratio increased (Figure 3E), 
which indicates a severe MBN deficiency. This may be because that 
soil microorganisms failed to benefit directly from the higher 
availability of nutrients under the warming conditions. Third, with the 
help of decreasing oxidation of NH4

+–N and an increasing in the 
concentration of NH4

+–N (Hartmann et al., 2013) under the warming 
conditions, the activity of the LAP (Figure 5B) and NAG (Figure 5C) 
were all decreased in response to the warming and isolation from 
precipitation. In conclusion, warming and isolation from precipitation 
enhance the limitation of N in alpine meadows.

FIGURE 6

The conceptual map of warming and drought affecting the alpine 
meadow on the QTP.
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4.6. Limitations

There were some limitations in this work. Firstly, the greenhouse 
increases the soil temperature, which is likely to be  the realistic 
impact of future climate change (Carlyle et al., 2011). However, the 
atmospheric temperature was increased by 8.32°C in the greenhouse 
in this work (Figure 1A), which is higher than the predicted increase 
relative to the pre-industrial revolution level before the end of the 
21st century (Wieder et al., 2013; Meng et al., 2020). Secondly, the 
high temperature can stimulate evaporation and plant transpiration 
and increase soil water loss (Harte et al., 1995; Wan et al., 2002) but 
the soil water loss caused by global warming is not as same as the 
isolation from precipitation studies in this work, and the SMC was 
dependent on soil osmosis and capillary pore conditions in the 
greenhouse (Xiao et  al., 2011). Therefore, we  are still far from 
explaining the impact of global climate change on the soil of the 
QTP. Additionally, warming and precipitation variability will 
become more frequent in the future (IPCC, 2021). Therefore, to 
consider the change of water grid under the influence of climate 
warming and drought in many aspects, it is necessary to carry out 
long-term continuous monitoring.

5. Conclusion

In the present study, a greenhouse experiment was conducted in 
an alpine meadow in the QTP to simulate the response of soils in the 
area to global warming. Data were generated for the SWC, pH, and 
changes in the DOC, NH4

+–N, NO3
−–N, and AP concentrations, as 

well as the stoichiometries of TC, TN, TP, MBC, MBN, MBP, BG, 
NAG, LAP, and ACP using samples that were collected from the 
0–30 cm soil layer, over a duration of ~5 years (2015–2020). Evidently, 
the greenhouse warming significantly decreased the SMC, NO3

−–N, 
MBC, MBN, MBP, BG, LAP, ACP, and enzymatic C:N ratio. 
Conversely, it considerably increased the DOC, NH4

+–N, AP, 
MBC:MBN, and enzymatic N:P ratio. Interestingly, it minimally 
affected the soil pH, TC, TN, TP, C:N, C:P, N:P, MBC:MBP, 
MBN:MBP, and enzymatic C:P ratios. These results indicated that 
warming and isolation from precipitation promoted the 
mineralization of N and P in the soils. However, microorganisms in 
the soils minimally benefited directly from the higher availability of 
nutrients associated with the warming and isolation from 
precipitation. The warming and isolation from precipitation also 
significantly altered the microbial biomass, EEA, and their 
stoichiometric ratios, but the concentrations of C, N, and P in the 
soils exhibited limited changes. Therefore, to adequately understand 
the response of terrestrial ecosystems to the cycling of C and N under 

warming conditions, continuous monitoring over an extended 
duration is required.
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