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Quantification of soil carbon emissions in desert steppes is a key issue in determining the carbon 
budget in arid regions. However, the changes in and driving mechanisms of soil respiration and its 
components in response to drought in ecosystems under long-term water stress remain unclear. 
In this study, rain reduction by 30% and 50% experiments were conducted to simulate drought 
during the growing season in 2023 in the Stipa breviflora desert steppe. Total soil respiration and 
soil heterotrophic respiration were measured, and simultaneously, the surface soil temperature and 
moisture were measured at 0–10 cm. Surface soil microorganisms, microbial biomass carbon, and 
enzymatic activity were also tested. The results showed that drought significantly decreased soil 
microbial biomass carbon and enzymatic activity, but had no significant effects on soil microbial 
richness and diversity, as well as the dominant flora. The inhibitory effect of drought on soil autotrophic 
respiration only appeared at the beginning of the growing season and then disappeared with plant 
growth because of the drought-resistant ability of perennial plants in the desert steppe. Heterotrophic 
respiration is the primary soil carbon release process occurring in the desert steppe, approximately four 
times that of autotrophic respiration. Soil temperature and moisture jointly regulated heterotrophic 
respiration under extreme drought conditions (rainfall reduction of 50%); however, their influence 
on autotrophic respiration became insignificant. This study indicates that drought slowed the 
decomposition of soil organic carbon and had a weak effect on plant root respiration in the S. breviflora 
desert steppe. The response process of Rs and its components to drought stress provided theoretical 
basis for soil carbon feedback in desert steppe under extreme drought conditions.
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Climate change has caused rising temperatures that accelerate soil evaporation, but water cannot be replenished 
in time, and the frequency and intensity of droughts are expected to increase in the future1. Drought, as an 
important factor regulating soil moisture, has a significant impact on ecosystem processes such as net primary 
productivity and carbon and nitrogen cycles2,3. Terrestrial ecosystems are the primary source of carbon 
emissions into the atmosphere, and their carbon cycle is strongly affected by changes in the global hydrological 
cycle, particularly soil respiration (Rs), which is considered the second-largest flux in the global terrestrial 
carbon cycle4. Aronson et al. (2019)5 speculated that if the grasslands in Southern California experience 
more frequent and extreme droughts in the future, Rs will decrease. Rs decreased by 8.2% and 6.1% in wet 
wetland ecosystems with 40% and 60% rainfall reductions, respectively6, whereas Rs decreased by 40.7% in arid 
desert steppe ecosystems with 50% rainfall reduction7. Therefore, the effects of drought on Rs show regional 
differences and are related to the hydrological conditions of the ecosystem. Previous studies have revealed that 
the influence of precipitation events on soil carbon emissions in the growing season of ecosystems is determined 
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by antecedent soil moisture8, and the influence of geographical location on soil respiration was greater than that 
of average annual precipitation9. Desert steppe, located in the transitional zone between desert and grassland, 
is very sensitive and vulnerable to precipitation changes10. The process of drought stress’s impact on soil carbon 
emissions needs to be further discussed in desert steppe.

Litter microbial communities in semiarid regions may be metabolically adapted to maintain their functions 
under drought conditions11. However, due to Rs adaptability to moderate drought in arid ecosystems, drought 
stress may not significantly affect Rs12. By integrating the effects of global precipitation control experiments 
on Rs, Yang et al. (2017)13 found that soil moisture altered by precipitation was the primary driving factor for 
Rs, and the interpretation reached 98% when combined with soil microbial biomass carbon and vegetation 
biomass. Rs refers to the process of carbon dioxide (CO2) emission into the atmosphere by soil microorganisms, 
plant roots, and litter respiration13, which can be divided into heterotrophic respiration (Rh) and autotrophic 
respiration (Ra). Rh represents the CO2 released by microbial decomposition of organic carbon, which depends 
on microbial activity and substrate availability. Ra originates from the roots and rhizosphere and is regulated by 
the allocation of newly assimilated carbon14,15. Therefore, drought stress will affect Rs directly by altering soil 
microbial activity and root respiration or indirectly by altering matrix availability16. In order to better understand 
the mechanism of drought stress on soil respiration, it should be decomposed into different component.

The global average Ra/Rh ratio is indicative of underlying soil carbon dynamics, and the global variation in 
Ra/Rh is caused by the joint regulation of soil microbial and root activity by climate (temperature and humidity), 
soil (carbon/nitrogen and soil bulk density) and vegetation (biomass transfer)17. The responses of Ra and Rh to 
soil temperature and moisture differed, resulting in a change in the sensitivity of Rs to temperature and humidity 
in different sites18,19. The researchers have shown that soil moisture is the main driver of CO2 effusion from 
ecosystems, and Rh was the primary contributor to Rs during drought7,20,21. Moreover, Balogh et al. (2015)22 
found that drought inhibited Ra to a greater extent than Rh, but Inglima et al. (2009)20 found that Ra did not play 
any significant role in CO2 exchange due to vegetation aging in the process of drying and rewetting. By observing 
the response of Rs and its components to drought and rewetting in different growth stages of desert steppe, Sun21 
found that drought stress significantly inhibited Ra in the early growing season and had no significant effect 
in the growth peak period, but always had significant inhibitory effect on Rh. Most studies have looked at soil 
respiration as a whole, but there is still a lack of discussion on the effects of soil respiration and its components 
under extreme drought, especially in desert steppe. Thus, to better understand the feedback of soil carbon 
emission processes to climate change, and to more accurately predict soil CO2 flux and carbon sequestration 
potential, it is important to explore the response of Rs and its components to drought stress in arid ecosystems.

The following three hypotheses were tested to provide a theoretical basis for further understanding the 
carbon cycle of desert steppe ecosystems: (1) Rs and its components decrease with the increase of drought stress 
during growing season; (2) Drought stress had different inhibitory effects on Ra and Rh; (3) The influence of soil 
moisture on Rs and its components exceeds soil temperature. Therefore, three gradients of natural precipitation, 
30% rain reduction and 50% rain reduction were set up in the desert steppe of Inner Mongolia, China, and 
simultaneous monitoring of soil respiration and Rh to explore the potential response process of Rs and its 
components to increasing aridity in a desert steppe during the growing season, and to analysis the key driving 
factors of Rs and its components.

Materials and methods
Study area description
The study area is located in Adege, Siwangqi Banner, Ulanqab, Inner Mongolia Autonomous Region, China, with 
geographical coordinates of 42°02′17′′ North and 112°30′57′′ East. It is located at an elevation of 1328 m and has 
a temperate continental monsoon climate. The average annual precipitation over the past 60 years (1961–2020) 
was primarily concentrated from May to October, with an average of approximately 275.8 mm, accounting for 
more than 90% of the total annual precipitation. The annual evaporation was 2180 mm, and the average annual 
temperature was 3.8  °C. The soil type in the study area is light chestnut calcareous soil with the texture of 
sandy loam. The plant community is simple, with an average vegetation cover of approximately 9%, primarily 
comprising perennial or annual herbs, with Stipa breviflora Griseb, Cleistogenes songorica (Roshev.) Ohwi and 
Neopallasia pectinate (Pall.) Poljak as the dominant species.

Experimental design
In 2022, a 50 m × 50 m experimental plot was established as a flat area with typical vegetation distribution, and 
fencing was used to prevent human and livestock interference. The experimental subplots were arranged in 
the central area of the plot, and three treatments were established: natural rainfall (control), drought intensity 
increased by 30% (rain reduction by 30%), and drought intensity increased by 50% (rain reduction by 50%). The 
area of each subplot was 7 m × 4 m, and the rain reduction treatment was provided with a canopy. Based on 
the long-term historical meteorological records of desert steppe from 1959 to 2012, the inter-annual variation 
of precipitation ranges from − 42.3 to 34.9%. Therefore, rain reduction by 30% represents most of the variation 
observed in annual precipitation in the desert steppe, and rainfall reduction by 50% represents the prospective 
drought intensity. The rain shelter was constructed of transparent acrylic boards to minimize its impact on 
plant lighting. The rain shield areas were 30% and 50% of the plot areas. The inclination angle of the rain shield 
was 6°, its height was approximately 1.3 m, and a rainwater-collection device was installed at the bottom. Two 
homemade Polyvinyl chloride (PVC) rings with diameters of 20 cm were installed in each subplot at the end 
of March 2022. One was 6 cm high and was inserted 3 cm into the ground for Rs measurement, which ensured 
stability during observation and minimized the impact on root growth in the upper soil layer. The other was 
40 cm high and was inserted 37 cm into the ground for Rh measurement, which could eliminate approximately 
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88–91% of the newly formed root systems, eliminating the associated root respiration. The Ra was obtained by 
subtracting Rh from Rs.

Data measurements
Rs and Rh, and soil temperature and water content
During the 2023 growing season (May–October), Rs and Rh were measured using a portable automatic soil 
carbon flux system (Li-6800; Li-Cor Inc., Lincoln, NE, USA) at the beginning, middle, and end of each month 
from 8:00 am to 11:00 am on a cloudless day. The new green vegetation within the PVC ring for measuring Rs 
was trimmed flush with the ground to eliminate plant respiration, 24 h before each measurement, and the new 
vegetation within the PVC ring for measuring Rh was uprooted. Simultaneously, the 0–10 cm soil temperature 
and volumetric water content were measured using a Li-6800 soil thermocouple probe.

Soil microorganisms, microbial biomass carbon and enzymatic activity
Soil samples were collected in the middle of the growing season (26 July). Soil samples were randomly selected 
from the soil surface with a sterile sampling shovel in each PVC ring, loaded into a sterile centrifuge tube, placed 
in a foam box with ice packs at below 0 °C and shipped to the laboratory, stored in a refrigerator at − 80 °C for 
the determination of soil microorganisms, microbial biomass carbon and enzymatic activity.

Soil microorganism 16  S rRNA and ITS amplicon sequencing were conducted by OE Biotech Co., Ltd. 
(Shanghai, China). Soil microbial community structure and abundance were determined to analyze the effects 
of drought on soil microbial community composition.

Chao index is used to characterize the richness of soil microbial community, and the greater the value, the 
greater the total species. The Chao index is defined as follows:

	
SChao = Sobs + n1 (n1 − 1)

2 (n2 + 1) � (1)

Shannon index was used to characterize soil microbial community diversity: the higher the species diversity, the 
more uniform the species distribution. The Shannon index is defined as follows:

	
HShannon = −

Sobs∑
i=1

ni

N
ln

ni

N
� (2)

Where SChao is the estimated number of Amplicon Sequence Variant (ASV); Sobs is the actual observed number of 
ASV; n1 is the number of ASV containing only one sequence; n2 is the number of ASV containing two sequences. 
N is total number of sample sequences; ni is the sequence number of the i-th ASV;

Soil microbial biomass carbon was determined using the chloroform-fumigation direct extraction process.
Samples were tested for lignin peroxidase, polyphenol oxidase and β-glucosidase enzymatic activity, using 

soil lignin peroxidase (S-Lip) activity and soil polyphenol oxidase (S-PPO) test kits and a soil β-glucosidase (S-β-
GC) activity detection kit from Beijing BOXBIO Technology Co. LTD (Beijing, China), respectively. The specific 
analysis and calculation method of enzyme activity determination refer to sun’s research21.

Aboveground and belowground vegetation biomass
The vegetation biomass was estimated indirectly to ensure that the sample site was not damaged. Vegetation 
surveys were conducted at the end of each month of the growing season to record each plant species’ height, 
density, and coverage in the experimental plot. Thirty quadrats (1 m × 1 m) were selected near the experimental 
plots for vegetation investigation at the peak of the growing season (26 July), and clipped plants were used to 
determine the aboveground biomass of each plant. Ten quadrats were randomly selected to remove all plants 
with 0–20 cm roots, part of the soil attached to the roots was removed, and the plants were placed in bags. In the 
laboratory, the aboveground and belowground parts of the plants were separated based on vegetation species 
then washed, dried (65℃) and weighed. Finally, the aboveground and belowground biomass of each plant was 
obtained. Linear fitting equations for coverage and aboveground and belowground biomass was established 
according to the vegetation functional communities (both attained significance; Table 1)23. Perennial grasses 
included S. breviflora, Cleistogenes songorica, and Leymus chinensis; perennial forbs included Convolvulus 
ammannii, Allium mongolicum Regel, Allium tenuissimum, Aster altaicus, Lagochilus ilicifolius, Artemisia 
scoparia, and Astragalus scaberrimus; annual forbs included N. pectinate and Salsola collina; and semi-shrubs 
included Kochia prostrata and Artemisia frigida.

Data processing and analysis
The differences in soil temperature and moisture between the inner and outer rings of the PVC ring for measuring 
Rs and Rh were not significant (P > 0.05). The soil moisture at the experimental site was low; therefore, to reduce 
the measurement error of the soil thermocouple probe, the soil moisture was corrected by comparing the 
measured value with the soil moisture determined by the oven-drying method taken from a nearby soil sample 
at the same time as the instrument was measured. SPSS 21 (SPSS Inc., Chicago, IL USA) for windows was 
used for statistical analysis and analysis of variance for difference tests (P < 0.05), and charts were drawn using 
ORIGIN 2024 (OriginLab, Massachusetts, USA).
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Results
Changes in Rs and its components, Rh/Rs and Ra/Rs, and soil temperature and moisture in 
the growing season under different drought stresses
The maximum Rs, Rh, and Ra values occurred on 3 May in the S. breviflora desert steppe (Fig. 1). Drought stress 
significantly decreased Rs and Rh; however, an inhibitory effect on Ra was only observed from May to June and 
the inhibitory effect was not significant from July to September. The average Rs values under the control, rain 
reduction by 30% and rain reduction by 50% were 0.85 µmol m–2 s–1, 0.67 µmol m–2 s–1, and 0.56 µmol m–2 s–1, 
respectively, the mean Rh values were 0.68 µmolm–2 s–1, 0.55 µmol m–2 s–1, and 0.45 µmol m–2 s–1, respectively, 
and the average Ra values were 0.16 µmol m–2 s–1, 0.12 µmol m–2 s–1, and 0.11 µmol m–2 s–1, respectively. Rainfall 
reductions by 30% and 50% significantly reduced Rs by 21.2% and 34.1%, respectively, with Rh contributing 
16.2% and 27.5%, and Ra contributing 5.0% and 6.6%, respectively. This indicated that drought stress could 
inhibit Rs and its components, and the greater the drought stress, the stronger is the inhibitory effect; however, 
Ra was not inhibited by drought stress in the middle and end of the growing season.

The average soil temperature in PVC rings for measuring Rs and Rh were 33.2℃ and 33.7℃, respectively, 
the effect of rain reduction treatments on soil temperature was not significant. The average soil moisture in the 
PVC ring for measuring Rs was 8.0%, 6.2%, and 5.6% under the control and rain reduction by 30% and 50%, 
respectively, and the soil moisture (rain reduction by 30% and 50%) decreased significantly by 27.7% and 30.2%. 
The average soil moisture in the PVC ring for measuring Rh was 9.6%, 6.7%, and 5.6%, respectively, and the soil 
moisture (rain reduction by 30% and 50%) decreased significantly by 30.1% and 42.0%.

Under the control and rain reduction by 30% and 50% treatments, the Rh/Rs and Ra/Rs were 80.8% and 
19.2%, 81.9% and 18.1%, and 80.7% and 19.3%, respectively. Rh/Rs was approximately four times that of Ra/Rs 
under different drought stress conditions; therefore, Rh was the primary form of soil carbon release in the desert 
steppe. Ra/Rs decreased with increasing drought stress in the early growing season (before July) and increased 
with increasing drought stress during the peak growth period (July-August) (Fig. 2).

Effects of drought stress on soil microorganisms and microbial biomass carbon
The soil microorganisms were primarily bacteria in the S. breviflora desert steppe. The abundance of bacteria and 
fungi spanned 900 to 1400 and 180 to 300, respectively, and the diversity of bacteria and fungi spanned 8 to 10 

Fig. 1.  Variations of Rs, Rh, Ra, and soil temperature (Ts) and moisture (Ms) under different drought stresses 
in the growing season (Mean ± SE) (Note: W1: natural rainfall (control); W2: rain reduction by 30%; W3: rain 
reduction by 50%;Ts: the 0–10 cm soil temperature; MsW1: the 0–10 cm soil moisture under natural rainfall; 
MsW2: the 0–10 cm soil moisture under rain reduction by 30%; MsW3: the 0–10 cm soil moisture under rain 
reduction by 50%).

 

Plant functional 
community

Aboveground Belowground

Linear R2 P n Linear R2 P n

Perennial grasses Biomass = 5.29
Cover − 0.46 0.60 < 0.0001 80 Biomass = 8.67

Cover – 5.44 0.77 < 0.0001 20

Perennial forbs Biomass = 2.45
Cover + 0.47 0.59 < 0.0001 120 Biomass = 12.03

Cover – 2.62 0.43 < 0.0001 37

Annual forbs Biomass = 15.34
Cover − 4.96 0.67 < 0.0001 65 Biomass = 0.48

Cover + 0.17 0.50 < 0.001 19

Semi-shrubs Biomass = 3.39
Cover + 0.49 0.89 < 0.0001 20 Biomass = 1.93

Cover + 1.03 0.72 < 0.05 7

Table 1.  Linear fit of vegetation cover and aboveground and belowground biomass in different functional 
communities in the S. breviflora desert steppe. Note: Cover is vegetation cover, and Biomass is the biomass of 
the corresponding vegetation.
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species and 3 to 6 species, respectively. The Chao abundance and Shannon diversity of soil bacteria and fungus 
had no significant difference between Rs and Rh under same treatment, moreover, they decreased under drought 
stress but the differences were not significant (Table 2). The average soil microbial biomass carbon under the 
control, rain reduction by 30% and 50% was 193.77 mg/kg, 183.21 mg/kg and 163.41 mg/kg, respectively, which 
decreased significantly with an increase in drought intensity.

Among the bacterial community composition, the relative abundance of Bacteroidota and Actinobacteriota 
tended to stabilize, about 28% and 21%, respectively; the largest relative abundance of Proteobacteria, which 
was approximately 40%, and it showed a decreasing trend with increase of drought, but it suddenly increased 
in Rh under rain reduction by 50%. The relative abundance of Gemmatimonadota and Acidobacteriota were 
decreased by drought stress (Fig. 3). Among the fungal community composition, the largest relative abundance 
of Ascomycota, which was approximately 80%, and it showed stabilizing tend.

Effects of drought stress on soil enzymatic activity
Soil enzymatic activity observed for the test plot was low, and there was no significant difference between the 
PVC rings measuring for Rs and Rh (P > 0.05). The average lignin peroxidase activity under the control, rain 
reduction by 30% and 50% treatments were 11.01 U g–1, 8.03 U g–1, and 8.37 U g–1, respectively. The mean 
values of soil polyphenol oxidase and β-glucosidase activity under the control, rain reduction by 30% and 50% 
treatments were 85.70 U g–1, 64.76 U g–1, and 61.34 U g–1, and 0.69 U g–1, 0.60 U g–1, and 0.60 U g–1, respectively. 
The activity of soil lignin peroxidase, soil polyphenol oxidase and soil β-glucosidase significantly decreased 
under drought, however, the degree of inhibition did not increase with the increase of drought stress in the S. 
breviflora desert steppe (Fig. 4).

Effects of drought stress on aboveground and belowground biomass
By regulating the growth of perennial grasses and forbs, drought stress significantly increased the total 
underground biomass from June to September when the rainfall decreased by 30%, but had little effect on 
aboveground biomass in the S. breviflora desert steppe (Fig.  5 and Tables  1S and 2S). In terms of monthly 
vegetation growth (Tables 1S and 2S), drought stress significantly reduced the growth of total biomass in May 
and June, which primarily inhibited the aboveground and belowground growth of perennial grasses and forbs; 
however, no significant changes were observed in annual forbs and semi-shrubs. From July to September, no 

Experimental
treatment

Soil bacterium Soil fungus
Soil microbial
biomass carbon
(mg kg–1)

Chao Shannon Chao Shannon

Rs Rh Rs Rh Rs Rh Rs Rh

Control 1323.80 ± 
105.17aA

1357.53 ± 
194.30aA

9.09 ± 
0.17aA

9.20 ± 
0.25aA

250.00 ± 
52.29aA

231.89 ± 
25.40aA

4.54 ± 
0.90aA

4.55 ± 
0.68aA

193.77 ± 
9.98a

Rain reduction
by 30%

1104.58 ± 
99.55aA

1108.23 ± 
111.67aA

8.82 ± 
0.13aA

8.67 ± 
0.43aA

190.46 ± 
17.54aA

191.54 ± 
5.57aA

4.63 ± 
0.41aA

4.53 ± 
0.11aA

183.21 ± 
2.81b

Rain reduction
by 50%

1213.01 ± 
212.98aA

1075.30 ± 
163.77aA

8.87 ± 
0.30aA

8.77 ± 
0.30aA

214.60 ± 
26.20aA

234.95 ± 
31.07aA

4.28 ± 
0.66aA

4.65 ± 
1.04aA

163.41 ± 
5.99c

Table 2.  Changes in soil microorganisms and microbial biomass carbon under different drought stresses 
in the S. breviflora desert steppe. Note: Chao1 and Shannon are indices of colony abundance and diversity, 
respectively. Different lowercase letters in the same column indicate significant differences between the control 
and drought stress (P < 0.05), different capital letters in the same row indicate significant between Rs and Rh.

 

Fig. 2.  Variations in Rh/Rs and Ra/Rs under different drought stresses in the growing season (Mean ± SE) 
(Note: W1: natural rainfall (control); W2: rain reduction by 30%; W3: rain reduction by 50%).
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Fig. 5.  Monthly variations of different plant functional communities aboveground and belowground biomass 
under different drought stresses during the growing season in the S. breviflora desert steppe (Note: W1: natural 
rainfall (control); W2: rain reduction by 30%; W3: rain reduction by 50%; Different lowercase letters indicate 
significant differences between the treatments in total plant aboveground or belowground biomass (P < 0.05)).

 

Fig. 4.  Effects of different drought levels on soil enzymatic activity (Mean ± SE) (Note: W1: natural rainfall 
(control); W2: rain reduction by 30%; W3: rain reduction by 50%; S-Lip: soil lignin peroxidase; S-PPO: soil 
polyphenol oxidase; S-β-GC: soil β-glucosidase).

 

Fig. 3.  Relative abundance of soil fungal and bacterial phylum under different drought stresses in the growing 
season (Note: W1: natural rainfall (control); W2: rain reduction by 30%; W3: rain reduction by 50%).
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significant differences were observed in the growth of different vegetation functional communities and total 
biomass among the treatments (Tables 1S and 2S). This indicates that drought stress can significantly inhibit the 
growth of perennial grasses and forbs only at the beginning of the growing season.

Linearity of Rs and its components with soil temperature and moisture under different 
drought stresses
The linear relationships between Rs and its components with soil temperature were not significant under the 
control and rain reduction by 30% treatment. However, with an increase in drought stress, the influence of 
soil temperature on Rs and Rh gradually increased, and was significantly negatively correlated under the 50% 
rain reduction treatment (P < 0.05). The linear relationships between Rs and Rh with soil moisture showed a 
significantly positive correlation under different drought stresses, and the influence of soil moisture on Rs and 
Rh gradually increased with increasing drought stress. However, the influence of soil moisture on Ra gradually 
decreased, and the relationship was not significantly correlated under the 50% rain reduction treatment (Fig. 6). 
This indicated that soil moisture was the dominant factor affecting Rs and its components in the S. breviflora 
desert steppe. When extreme drought occurs, the soil temperature and soil water content together regulate Rh, 
however, their influence on Ra becomes insignificant.

Discussion
Effect of drought on soil Rh
Rh is the CO2 released by soil microorganisms that decompose organic matter. Proteobacteria, Bacteroidota, 
Actinobacteriota and Ascomycota were the dominant phyla in the S. breviflora desert steppe soils (Fig. 3), this 
was similar to the findings of Kang et al.24. Moreover, the study also found that the dominant phyla did not 
change with increasing drought, and the soil microbial diversity and abundance were not significantly affected 
by drought stress (Table 2). This may be that different bacterial communities responded to drought stress in the 
opposite ways, thus counterbalancing the effects of drought stress on the bacterial communities25,26. In addition, 
fungi can obtain sufficient water and nutrients from the pores of water-deficient soil through their mycelial 
structure to maintain their normal life activity27, so that drought stress has no significant impact on soil fungi.

Drought stress inhibited soil enzymatic activity (Fig. 4) and soil microbial biomass carbon (Table 2). The 
decomposition of organic matter by soil microorganisms depends on enzymatic catalysis, whereas drought stress 
reduces the leaching of soil water, and lowers the activity of soil microorganisms, which is unfavorable for the 
secretion of soil enzymes32. Soil microbial biomass carbon is the most active component in the turnover of soil 

Fig. 6.  Linearity of Rs, Rh, Ra, with soil temperature (Ts) and moisture (Ms) under different drought stresses 
(Note: W1: natural rainfall (control); W2: rain reduction by 30%; W3: rain reduction by 50%;Ts: the 0–10 cm 
soil temperature; MsW1: the 0–10 cm soil moisture under natural rainfall; MsW2: the 0–10 cm soil moisture 
under rain reduction by 30%; MsW3: the 0–10 cm soil moisture under rain reduction by 50%; ns : P > 0.05; * : P 
< 0.05; ****: P < 0.0001).
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organic carbon, and is positively correlated with soil water content28. Drought leads to the disconnection of 
soil pore water and the tight binding of soil colloids and aggregates, which limits the supply of soil microbial 
communities from the substrate29–31. Drought stress correspondingly increased the dependence of soil 
microorganisms and enzymatic activity on water32,33. Therefore, Rh decreases significantly with the increase 
of drought stress throughout the growing season. Moreover, the explanatory power of soil moisture for Rh 
increased (Fig. 6), surpassing that of soil temperature as a key factor affecting Rh. However, the influence of 
soil temperature on Rh becomes significant during extreme drought (rain reduction by 50%), which may be 
the decrease of precipitation has a threshold effect on the growth process of fungi by affecting the integrity of 
mycelial structure34, but fungi can actively explore nutrients and release CO2 across air-filled pores35.

Effect of drought on soil Ra
Drought stress only significantly reduced Ra in May and June, and had no significant difference from July to 
September (Fig. 1). The reason was that vegetation reduces transpiration by regulating stomata under drought 
stress, weakens plant photosynthesis, and reduces organic matter transportation to the roots, thereby limiting 
Ra36,37. The continuous weakening of photosynthesis during the growing season will inevitably reduce the 
accumulation of vegetation biomass. However, drought stress only significantly reduced the total aboveground 
biomass in June, and the total belowground biomass decreased significantly at the end of May (Fig. 5). By further 
analyzing found that drought stress significantly reduced the growth of total biomass in May and June, but there 
were no significant differences were observed in the growth of total biomass among the treatments from July 
to September (Tables 1S and 2S). This reason was that drought stress at the beginning of the growing season 
significantly inhibited the growth and development of plants and roots38,39. The decreased soil moisture in the S. 
breviflora desert steppe primarily inhibited the growth and development of perennial vegetation’s aboveground 
and subsurface parts (Tables 1S and 2S). However, the characteristics of S strategy were found in the perennial 
grasses (S. breviflora and C. songorica), and S. breviflora had strong adaptability to extreme drought and stressful 
environments40,41. So the vegetation growth rate under different drought stresses in the peak growth period 
was consistent, which further leaded to the insignificant difference of Ra under different drought treatments. 
Moreover, drought induced respiration rates by increasing specific root secretions, especially in legumes, which 
was also a strategy for plants to cope with drought42. And then it can be concluded that soil moisture is the 
key factor controlling Ra during general drought events, but when extreme drought occurs, the adaptability of 
perennial vegetation to extreme environments reduces its dependence on soil water and the relationship between 
Ra and soil moisture is no longer significant (Fig. 6). Moreover, Podzikowski et al.43 recently demonstrated that 
plant functional diversity determined the response of Rs to soil water availability, and highlighted the importance 
of plant community composition for predicting Rs.

Effect of drought on total Rs
Studies have found that the contribution ratio of Rh to Rs was 51% in the semiarid grasslands of Inner Mongolia44, 
and the relative contribution rate of Rh to Rs increased from 29% under non-drought state to 64% under drought 
stress2. However, this study showed that Rh contributed more than 80% to Rs in the S. breviflora desert steppe, 
and ratio of Rh to Rs did not change significantly with an increase in drought stress (Fig. 2). This was because 
the average soil moisture in the study area was only 6.9%, vegetation coverage of the desert steppe was low, root 
respiration was minimal, and the contribution rate of Ra to Rs was much lower than that of Rh. Therefore, Rh 
was the primary form of soil carbon released into the S. breviflora desert steppe ecosystem, and the seasonal 
dynamic changes in the Rs during growing season was highly consistent with that of Rh.

Seasonal dynamic changes in Rs and its components are driven by the direct or indirect effects of soil 
temperature and moisture on vegetation growth and soil microbial activity45,46. In this study, Although the air 
temperature was relatively low in the early growth period (May) and the vegetation had just turned green, the 
soil was in the freeze-thaw period at this stage, and then ice film on the surface of the soil particles and the ice in 
the soil pores melted into water and accumulated in the soil, so the soil moisture reached the maximum (Fig. 1). 
Adequate soil moisture increased the activity of soil microorganisms, and promoted the rate of production 
and decomposition processes of soil organic carbon47–49, thus Rs and Rh reached their maximum value at the 
beginning of the growing season. When the rainy season entered in July, the temperature increased and the 
vegetation grew rapidly, Rs and Rh increased slightly, but the evapotranspiration increased, and the soil moisture 
did not exceed the freeze-thaw period, and therefore Rs and Rh did not reach the maximum in the growth peak 
period. This further indicates that soil moisture is the main controlling factor of Rs and Rh in desert steppe, and 
its effect exceeds soil temperature.

Drought stress inhibited soil enzymatic activity (Fig. 3), vegetation growth (Tables 1S and 2S), and weakened 
plant photosynthesis, which reduced the amount of organic matter delivered to the roots, the amount of substrate 
for root respiration, and soil microbial respiration50,51, ultimately leading to a significant decrease in Rs and its 
components (Fig. 1). Lellei-Kovács52 found that extreme drought had a negative legacy effect on soil respiration 
that could extend well beyond the immediate effects, and speculated that this was due to changes in soil biota 
and reduced root activity.

Conclusions
Drought stress significantly decreased Rs in the growing season of S. breviflora desert steppe. Rh is the main 
process and form of soil carbon emission, and its contribution rate exceeds 80%. Drought stress had no significant 
effects on the abundance and diversity of soil bacteria and fungi, as well as the dominant flora (phylum). 
Drought inhibited Rh by reducing soil microbial biomass carbon and enzyme activities, and inhibited Ra by 
regulating monthly changes in perennial vegetation biomass. Due to the strong drought resistance of perennial 
vegetation in desert steppe, vegetation growth was not inhibited in the blooming period, and the inhibition of 
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drought on Ra only appeared at the beginning of the growing season. Soil moisture is a key factor in Rs and its 
components, and its influence goes beyond soil temperature. This study elucidates the response process of Rs and 
its components to drought stress in the S. breviflora desert steppe, and provides a theoretical basis for soil carbon 
feedback in desert steppe under extreme drought conditions.

Data availability
The research data supporting the results of the manuscript are available from the corresponding author upon 
reasonablerequest.
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