
Introduction

Alpine meadows in China are mainly distributed 
on the Qinghai-Tibetan Plateau and in the alpine belt of 
various high mountain systems, accounting for 22.1% 
of the national grassland area, which is one of China’s 
largest grassland types [1]. As an essential part of the 
global terrestrial ecosystem, alpine meadows are an 
important carbon source/sink, with soil organic carbon 
(SOC) reserves of about 33.5 Pg·C, accounting for 
2.5% of the global SOC pool, but the area accounts 

for only 0.3% of the earth’s land area, which plays 
a pivotal role in the global carbon cycle [2]. Carbon 
stocks in alpine meadows of the Tibetan Plateau may 
have significant long-term impacts on the global carbon 
cycle [3]. However, the Tibetan Plateau is a sensitive 
and critical area for global climate change, which  
affects biogenic carbon by controlling the composition 
of plant communities, nutrient allocation strategies, 
microbial community composition, and biogeochemical 
processes. The Sanjiangyuan, known as the “Water 
Tower of China”, is the source of the Yellow River, 
Yangtze River, and Lancang River and plays an 
important role in water conservation and maintaining 
species diversity. The alpine meadows of the Tibetan 
Plateau are the main grazing lands for native herbivores, 
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Abstract

To reveal the response of the soil microbial biomass carbon pool (MBCP) in alpine meadows 
to litter inputs, the present study was conducted to simulate the effect of litter inputs on MBCP 
in ungrazed, lightly grazed, and moderately grazed alpine meadows. In this study, four level gradients, 
T0 (0 g·C·m²), T1 (1.39 g·C·m²), T2 (3.48 g·C·m²), and T3 (6.97 g·C·m²), were set up in alpine meadows as 
the research object, and the effects of different levels of litter inputs on MBCP in ungrazed, lightly grazed,  
and moderately grazed alpine meadows were analyzed. The results showed that with increasing litter 
input, S-β-XYS, S-β-GC, S-FDA, S-DHA, and CBH all had maximum values at T3. Soil S-β-XYS, 
S-β-GC, GOD, and S-DHA under light grazing were higher than those under ungrazed and moderately
grazed. The peak values of S-β-XYS, S-β-GC, and S-DHA were at T3, which were 16.87 U/g, 41.09 U/g,
and 21.01 U/g, respectively. MBCP was higher in lightly grazed than in ungrazed and moderately grazed
at different levels of litter input and peaked at 18.72 g/ m² at T3. Structural equation modeling showed
that soil microbial biomass in ungrazed alpine meadows was significantly positively correlated with
MBCP, and enzyme activities were negatively correlated.
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and grazing is common on the Tibetan Plateau to 
varying degrees [4]. In the late period of reform and 
opening up, scholars at home and abroad began to pay 
attention to the degradation of alpine grassland on 
the Tibetan Plateau caused by grazing [5]. The direct 
effect of grazing on alpine meadows is reflected in the 
reduction of plant height, cover, and biomass, resulting 
in a decrease in the amount of litter material entering the 
soil. There are differences in the amount of litter matter 
returning to the surface and entering the soil in alpine 
meadows under different grazing treatments [6]. These 
differences may disrupt the original nutrient balance of 
alpine meadow ecosystems.

Soil microbial biomass carbon (MBC) is the 
most active and variable part of soil organic matter, 
accounting for only 0.3%~9.9% of total soil carbon, is 
the driving force of SOC and nutrient transformation and 
cycling, and is directly involved in the decomposition 
and transformation of organic carbon, which is the soil 
nutrient reserve and an important source of nutrients 
for plant growth [7]. Soil microbial biomass carbon 
pools (MBCP) are the sum of carbon elements in the 
bodies of all microorganisms (including bacteria, 
fungi, actinomycetes, protozoa, algae, etc.) in the soil.  
As a link between aboveground vegetation and 
belowground soil, litter plays an important role in 
nutrient metabolism and cycling in the plant-soil 
system through different rates of nutrient return and 
decomposition [8]. 

As a major nutrient supplier to alpine meadow 
ecosystems, litter is critical for storing microbial 
biomass carbon pools. Litter input and removal 
treatments have been widely used as an effective 
experimental method for evaluating the effects of litter 
on soil microbial biomass and community structure in 
terrestrial ecosystems [9, 10]. The estimation of MBCP 
mostly relies on models; nevertheless, the limitations 
of conventional models in highland environments lead 
to their inability to accurately estimate and predict 
changes in carbon pools. For example, the simplifying 
assumptions of the Rothamsted carbon model are not 
suitable for influencing the estimation and prediction 
results of the model due to the extreme climate, low 
oxygen, and freeze-thaw cycles in the Sanjiangyuan 
area [11]. Increased litter inputs have been found to 
increase MBC content [12, 13]. It was also found that 
litter inputs had no significant effect on MBC content 
[14]. Nevertheless, most of the existing studies have 
focused on qualitative studies on the effects of litter 
inputs on plant community structure and function in 
temperate grasslands and typical grasslands [15, 16], 
and there is a lack of targeted studies on the effects of 
litter inputs on MBCP in alpine meadows. Few studies 
have been reported on how litter inputs affect MBCP in 
alpine meadows.

Therefore, alpine meadows were selected as the 
research object in this study. By simulating the effects 
of different levels of litter inputs on MBCP in ungrazed, 
lightly grazed and moderately grazed alpine meadows, 

we set up experiments with different levels of litter 
inputs (T0 (CK), 20% of standard (T1), 50% of standard 
(T2) and 100% of standard (T3)) to analyze the dynamic 
changes of soil physicochemical properties, enzyme 
activities, microbial biomass, and MBCP under different 
levels of litter inputs, focusing on the following scientific 
issues: (1) the dynamic changes of soil physicochemical 
properties, enzyme activities, microbial biomass, and 
MBCP under different litter treatments in ungrazed, 
lightly-grazed and moderately-grazed alpine meadows, 
and (2) to reveal the key factors affecting MBCP in 
ungrazed, lightly grazed and moderately grazed alpine 
meadows under liter input. This study can provide 
microbial mechanism parameters for the alpine meadow 
carbon cycle model, optimize the regional carbon 
balance assessment tool, and provide a theoretical basis 
for sustainable management of alpine meadows.

Materials and Methods

Overview of the Study Area

This study was carried out in accordance with the 
construction of the Suedo substation of the Qinghai 
Sanjiangyuan Grassland Ecosystem National Field 
Scientific Observation and Research Station. Referring 
to the classification standard of Technical Regulations 
for Yak Grazing Utilization in Alpine Meadows (DB63/
T607-2006) issued by the Qinghai Provincial Bureau 
of Quality and Technical Supervision [17], which was 
drafted by the Northwest Plateau Institute of Biology 
of the Chinese Academy of Sciences and the Qinghai 
Academy of Animal Husbandry and Veterinary Science), 
which was drafted by the Northwest Plateau Institute of 
Biology of the Chinese Academy of Sciences and the 
Qinghai Provincial Academy of Animal Husbandry 
and Veterinary Science, classifies alpine meadows as 
ungrazed, lightly grazed and moderately grazed alpine 
meadows based on criteria such as dominant species of 
plant communities and graminoid cover (Table 1).

Experimental Design

In order to study the effects of different levels of litter 
inputs to MBCP in alpine meadows under ungrazed, 
lightly grazed, and moderately grazed alpine meadows, 
the present study selected sample plots in the study area 
to conduct the experiment. The area of each plot was 4 m2 

(2×2 m). In grassland ecosystems, more than 90% of the 
net production of plants is returned in the form of litter 
[18]. In view of this, this study is based on the results 
of the previous research on alpine meadows in the 
Sanjiangyuan District [19], as well as combined with the 
current situation of the experimental area; at the same 
time, reference is made to the published literature [20, 
21]. The glucose addition in this experiment was based 
on 2% APC (Aboveground Community Carbon Content 
of Vegetation). Four treatments were set up in this study: 
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20% of the standard amount (T1), 50% of the standard 
amount (T2), 100% of the standard amount (T3),  
and T0 (CK). The plot area was 2×2 = 4 m², the plot 
interval was 1 m, and there were 4 replications, totaling 
4×4 = 16 plots. Three types of grassland, namely, fenced 
(F), lightly grazed (L), and moderately grazed (M), 
totaled 48 plots (Table 2).

Sample Collection

Sampling was carried out at the end of September 
2024 during the growing season of the plants in the 
above test area.

Plant Biomass and Soil Collection

We set up 1×1 m sample plots for plant and soil 
sample collection in the experimental area. Aboveground 
plants were mowed flush with the ground, packed into 
envelopes, and placed in a cool place; belowground 
biomass was collected from the 0~30 cm soil layer using 
a soil auger with an inner diameter of 5 cm, and the 
samples were packed into envelopes and bags, brought 
back to the laboratory to remove gravel and sand, and 
then the roots were separated using a standard soil sieve 
of 0.28 mm aperture and rinsed and air-dried. Samples 
were taken 5 times and mixed into 1 sample. 

The soil samples were collected by the soil auger 
method [22] from 0~30 cm soil layer in the sample  
plots where the aboveground plant characteristics had 
been sampled. The soil samples from each sample plot 
were mixed 5 times with an auger of 5 cm internal 
diameter to form a single sample. 5 replicates were 
made. The soil samples were transported back to 
the laboratory, mixed and sieved, and placed in a 
cool, ventilated place to air dry before being used to 
determine soil NH₄⁺ and NO₃⁻.

Measurement and Calculation of Indicators

Measurement of MBC and MBN Content

Referring to Vance et al. (1987) [23], Determination 
using the chloroform fumigation leaching method. Each 
soil was divided into two portions; one was fumigated 
in a vacuum desiccator for 24 h, and the other was not 
fumigated. Both fumigated and unfumigated soils were 
leached with 0.5 mol/L K2SO4 (water-soil ratio: 4:1,  
40 mL of 0.5 mol/L K2SO4 solution, 10 g of fresh soil), 
and the leachate was filtered and then sucked up into 
10 mL to 50 mL bottles and then analyzed by a TOC 
analyzer (Warip TOC SELECT) to determine the MBC 
content. The MBC content was finally calculated from 
the difference between the fumigated and unfumigated 
values, with a conversion factor of 0.45 for MBC.

MBCP Calculation

MBCP is calculated by the following formula [24]:

MBCP (g/m2) = MBC (mg/kg) × BD (g/cm3)  
× H (cm) × 10

In the formula, H denotes the thickness of the soil 
layer.

Determination of Soil Physical  
and Chemical Properties

The soil’s three parameters, soil moisture (SM), soil 
electrical conductivity (EC), and soil temperature (ST), 
were measured and recorded using a three-parameter 
meter (Spectrum, U.S. TDR 350) at 3.8 cm and 7.6 cm in 
each experimental plot.

Soil pH: pH meter method.

Treatment C additions Glucose levels Quantity of water added Plot size (m2) Repetition number

T0 0 g·C·m² 0 g·m-² 3L 1*1 4

T1 1.39 g·C·m² 3.48 g·m-² 3L 1*1 4

T2 3.48 g·C·m² 8.71 g·m-² 3L 1*1 4

T3 6.97 g·C·m² 17.42 g·m-² 3L 1*1 4

Table 1. Classification of alpine grassland degradation and sample sites.

Table 2. Experimental design for litter addition.

Treatment Longitude and Latitude Altitude (m) Plant community dominant species Cover of grasses (%)

Ungrazed 97°18′17″E, 33°24′40″N 4238 Gramineae + Salicaceae + Weeds >30

Lightly grazed 97°18′17″E, 33°24′36″N 4270 Gramineae + Salicaceae + Weeds 20-30

Moderately grazed 97°20′50″E, 33°24′15″N 4255.8 Gramineae + Salicaceae + Weeds 10-20
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Measurement of Enzyme Activity

Litter input not only affects the growth of alpine 
meadow plants but also influences the soil environment 
and directly affects the dynamics of soil microbial 
communities. Plant-microbe interactions in ecosystems 
can be predicted by changes in soil enzyme activities 
[25]. The major enzymes include soil hydrolase (S-FDA), 
glucose oxidase (GOD), soil dehydrogenase (S-DHA), 
β-1,4-glucosidase (S-β-GC), cellobiose hydrolase 
(CBH), and β-1,4-xylosidase (S-β-XYS). Measurements 
are referenced in the literature [26-31].

Soil Bulk Weight

Measured by the ring knife method [32]. The formula 
is as follows:

Soil Bulk Weight (g/cm3) = Quality of Dried Soil (g)/ 
 Volume of Ring Knife (cm3)

Data Processing

Microsoft Excel 2016 was used to organize the raw 
data. All data were tested for normality and chi-square, 
and one-way ANOVA analysis and Tukey’s multiple 
comparisons were used to determine the differences 
between different levels of litter inputs on soil 
physicochemical properties, soil enzyme activities, and 
microbial biomass of alpine meadows, with significant 
differences assessed at the level of P<0.05. Relationships 
between indicators of soil physicochemical properties, 
soil enzyme activities, and microbial biomass were 
analyzed using correlation analysis. Structural equation 
modeling with composite variables was constructed 
using the “nlme” and “piecewise SEM” packages in R 
4.4.3, which nested mixed-effects models to investigate 
the effects of soil physicochemical properties, soil 
enzyme activities, and soil microbial biomass on MBCP 
in alpine meadows. The model was nested with a mixed-
effects model to investigate the direct and indirect effects 
of soil physical and chemical properties, soil enzyme 
activities, and soil microbial biomass on MBCP. All 
statistical analyses were done in R 4.4.3, and statistical 
graphics were done in Origin Pro 2021.

Results

Effects of Litter Input on Soil Physicochemical 
Properties in Alpine Meadows

The physical and chemical properties of ungrazed, 
lightly grazed, and moderately grazed alpine meadow 
soils showed significant dynamic changes under 
different levels of litter input (P<0.05). The soil 
temperature of ungrazed and moderately grazed alpine 
meadows showed a significant positive effect, which 

peaked at T3 (Fig. 1a)). NH₄⁺-N and NO₃⁻-N showed 
an overall trend of gradual increase under litter inputs, 
both of which peaked at T3. Lightly grazed was higher 
than ungrazed and moderately grazed, with the maxima 
being 24.89 mg/kg and 0.86 mg/kg, respectively  
(Fig. 1f) and g)). Soil bulk density showed a gradual 
decrease under different levels of litter input  
(Fig. 1e)). SM, EC, and pH did not show a uniform 
pattern of change under litter input, and the differences 
were significant (P<0.05) (Fig. 1(b-d)).

Effects of Litter Inputs on Soil Enzyme 
Activities in Alpine Meadows 

As shown in Fig. 2, the soil enzyme activities of 
ungrazed, lightly grazed, and moderately grazed alpine 
meadows showed similar change patterns under different 
litter input levels, with significant differences (P<0.05). 
With the increase of litter input, S-β-XYS, S-β-GC, 
S-FDA, S-DHA, and CBH showed a gradual increase, 
and all of them had a maximum value at T3 (Fig. 2a), 
b), d), e), and f)). S-β-XYS, S-β-GC, GOD, and S-DHA 
values under light grazing were higher than those under 
ungrazed and moderate grazing. The peak values of 
S-β-XYS, S-β-GC, and S-DHA were at T3, which 
were 16.87 U/g, 41.09 U/g, and 21.01 U/g, respectively  
(Fig. 2a), b), and e)).

Effects of Litter Input on MBC and MBN 
Content and MBC/MBN in Alpine Meadows

The MBC and MBN contents of MBC/MBN of 
ungrazed, lightly grazed, and moderately grazed alpine 
meadow soils showed significant dynamic changes 
under different levels of litter input (P<0.05). With 
different levels of litter input, the MBC and MBN 
contents gradually increased to an “upward” trend, 
and all peaked at T3. Lightly grazed MBC content was 
greater than that of ungrazed and moderately grazed, 
with a maximum value of 605.77 mg/kg (Fig. 3a)). 
Ungrazed MBN content was greater than light and 
moderate grazing, with a maximum value of 55.11 mg/kg 
(Fig. 3b)).

However, there was no regular dynamic change in 
the values of MBC/MBN of ungrazed, lightly grazed, 
and moderately grazed alpine meadow soils, and the 
values of MBC/MBN of ungrazed and moderately 
grazed soils showed a gradually decreasing dynamic 
trend with the increase of litter inputs. The values of 
MBC/MBN of ungrazed soils were larger than those of 
moderately grazed soils, with a maximum value of 20.8 
(Fig. 3c)).

Effects of Litter Input on MBCP  
in Alpine Meadows

As shown in Fig. 4, MBCP of ungrazed, lightly 
grazed, and moderately grazed alpine meadow soils 
showed significant dynamic changes under different 
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and microbial biomass in ungrazed, lightly grazed, 
and moderately grazed alpine meadows. To further 
investigate the correlation among the physicochemical 
properties, enzyme activities, and microbial biomass of 
alpine meadow soils, correlation analyses revealed that 
there was a significant positive correlation between SM 
and MBC/MBN in ungrazed alpine meadow soils and 
that GOD showed a significant positive correlation with 
CBH, S-β-GC, NH₄⁺-N, NO₃⁻-N, and S-DHA showed  
a significant positive correlation with CBH and S-β-GC. 

levels of litter input (P<0.05). MBCP was higher in 
lightly grazed than in ungrazed and moderately grazed 
and peaked at 18.72 g/m2 at T3.

Correlations between Physical and 
Chemical Properties, Enzyme Activities, and 

Microbial Biomass in Alpine Meadows

The above studies investigated the dynamic changes 
of soil physicochemical properties, soil enzyme activities, 

Fig. 1. Effects of different levels of litter inputs on soil physicochemical properties in alpine meadows.
Note: Lowercase letters in the figure represent significant differences between treatments (P<0.05). 

Fig. 2. Effect of different levels of litter inputs on soil enzyme activities in alpine meadow.
Note: Lowercase letters in the figure represent significant differences between treatments (P<0.05).

a)			        b)			            c)				      d)

a)			       	        b)			           		   c)				  

e)			         f)			            g)				 

d)			         	       e)			            		  f)	
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CBH showed a significant positive correlation with S-β-
GC and NO₃⁻-N, and MBC showed a significant negative 
correlation with S-β-XYS (P<0.05) (Fig. 5a)).

Lightly grazed alpine meadow BD showed a 
significant negative correlation with S-DHA, S-β-GC, 
NH₄⁺-N, NO₃⁻-N, and S-FDA showed a significant 
negative correlation with CBH, S-β-GC, S-β-XYS, 
and MBC. S-DHA showed a significant negative 
correlation with S-β-GC, NH₄⁺-N, NO₃‾, and MBC; 
S-β-GC was significantly positively correlated with 
S-β-XYS, NH₄⁺, NO₃⁻, and MBC (P<0.05) (Fig. 5b)). 
Moderately grazed alpine meadow soil, S-FDA, was 
significantly and positively correlated with GOD, 
S-DHA, NH₄⁺-N, NO₃⁻-N, and CBH was significantly 
and positively correlated with NH₄⁺-N and NO₃⁻-N. BD 
was significantly correlated with S-FDA, NH₄⁺-N, and 
NO₃⁻-N; there was a significant negative correlation 
(P<0.05); CBH had a significant negative correlation 
with S-β-GC and MBC (P<0.05) (Fig. 5c)). 

Structural Equation Modeling of MBCP  
in Alpine Meadow Soils under Litter Input

This study used structural equation modeling 
combined with mixed-effects modeling to investigate 
the effects of ungrazed, lightly grazed, and moderately 
grazed alpine meadow soil physicochemical properties, 

Fig. 3. Effect of litter input on MBC, MBN, and MBC/MBN in alpine meadows.
Note: Lowercase letters in the figure represent significant differences between treatments (P<0.05).

a)			       	        b)			           		   c)				  

a)			       	        b)			           		   c)				  

Fig. 4. Effect of different levels of litter inputs on MBCP in 
alpine meadows.
Note: Lowercase letters in the figure represent significant 
differences between treatments (P<0.05).

Fig. 5. Correlation between physicochemical properties, enzyme activity, and microbial biomass of alpine meadows.
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soil enzyme activities, and soil microbial biomass on 
MBCP, respectively. As can be seen from Fig. 6, the 
structural equation models fitted well (F:  Fisher ́ C = 3.19, 
P = 0.372, df = 4; L: Fisher ʹC = 2.97, P = 0.214, df = 2; 
M: Fisher ʹC = 3.62, P = 0.182, and df = 4), indicating 
that the models effectively explained the MBCP and soil 
physicochemical properties, soil enzyme activities, and 
soil microbial biomass.

Soil microbial biomass in the ungrazed, lightly 
grazed, and moderately grazed alpine meadows showed 
a significant positive effect on MBCP (P<0.05), and soil 
physical and chemical properties showed a significant 
positive correlation with enzyme activities (P<0.05). 
Soil microbial biomass in ungrazed alpine meadows 
showed a significant positive effect on MBCP (P<0.01); 
soil physicochemical properties were positively 
correlated with MBCP, and enzyme activity was 
negatively correlated with MBCP; soil physicochemical 
properties indirectly affected MBCP through enzyme 
activity and microbial biomass, and enzyme activity 
indirectly affected MBCP through microbial biomass 
and soil physicochemical properties (Fig. 6a)). Soil 
microbial biomass in lightly and moderately grazed 
alpine meadows showed a significant positive correlation 
(P<0.01) with MBCP; enzyme activity showed a 
positive correlation with MBCP, while at the same time, 
enzyme activity affected MBCP indirectly through soil 
microbial biomass and soil physicochemical properties, 
respectively (Fig. 6(b and c)).

Discussion

Effects of Litter Inputs on Soil Physicochemical 
and Enzymatic Activities of Alpine Meadow

In this study, we found that ungrazed, lightly grazed, 
and moderately grazed alpine meadow soil NH4⁺-N and 
NO3

--N showed an overall trend of gradual increase 
under litter inputs, of which lightly grazed was higher 
than that of ungrazed and moderately grazed, and 
both peaked at T3, with the maxima of 24.89 mg/kg  
and 0.86 mg/kg, respectively. Soil bulk weight showed  

a trend of gradual decrease; SM, EC, and pH did not have 
a uniform pattern of change under litter inputs, and the 
differences were significant (P<0.05). This is consistent 
with the results of existing studies [33]. Litter inputs are 
a major pathway for soil material cycling and energy 
flow, affecting the supply of carbon sources to soil 
microorganisms and changes in soil enzyme activities 
[34]. It has been shown that changes in litter inputs affect 
the microenvironment and enzyme activities by altering 
the soil environment, organic carbon content, and soil 
nutrients [35]. This study found that S-β-XYS, S-β-GC, 
S-FDA, S-DHA, and CBH showed a gradual increase 
with increasing litter inputs, and all had maximum 
values at T3. The values of S-β-XYS, S-β-GC, GOD, 
and S-DHA were higher than those of the ungrazed and 
moderately grazed under lightly grazing, and the S-β-
XYS, S-β-GC, and S-DHA had maximum values of 
16.87 U/g, 41.09 U/g, and 21.01 U/g at T3, respectively 
(Fig. 2(a, b, and e)). This is similar to the existing study 
[33]. This may be because litter is an important carbon 
source for microorganisms, increasing the available 
organic matter content in the soil. The input of new 
carbon sources may trigger the “initiation effect” of 
carbon, leading to the decomposition of existing soil 
organic matter [36], which requires the synergistic 
action of multiple enzymes, resulting in a significant 
increase in soil enzyme activities in the short term. 
At the same time, microbial adaptive regulation drives 
soil microorganisms to adapt to new environments 
by modulating their enzyme synthesis strategies in 
response to resource changes.

Effect of Litter inputs on MBC, MBN, 
and MBC/MBN in Alpine Meadow

Soil microbial biomass is an important parameter 
in the assessment of soil active nutrient pools, and 
its transformation is rapid and sensitive, playing an 
important role in driving the biogeochemical cycling 
of soil carbon (C) and nitrogen (N) elements [37].  
It not only reflects the activity of soil microorganisms 
but also affects soil fertility and ecosystem function.  
The results of this study showed that the soil MBC 

a)			       	        b)			           		   c)				  

Fig. 6. Structural equation model.
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and MBN in ungrazed, lightly grazed, and moderately 
grazed alpine meadows were positively affected by litter 
inputs, which all peaked under T3 treatment, which is 
consistent with the existing studies [9, 13]. Because soil 
microbial biomass is positively correlated with increases 
in litter inputs in nutrient-limited areas (Fig. 3a) and b)), 
most soil microbes, including bacteria and fungi, rely 
on the decomposition of litter materials for energy and 
nutrients [38]. Litter matter serves as an important carbon 
source for microorganisms in grassland ecosystems. 
When litter is input into an alpine meadow, the organic 
matter in it is decomposed by microorganisms, thus 
releasing carbon for microbial utilization, which in turn 
increases the MBC in the soil. The value of MBC/MBN 
can be used as an important indicator for determining 
the nutrient limitation of the soil [39]. The present 
study found that the ungrazed and moderately grazed 
MBC/MBN values showed a dynamic trend of gradual 
decrease with the increase of litter, which is similar 
to the existing study [40]. Changes in the MBC/MBN 
ratio reflected the process of nitrogen mineralization 
and fixation in the soil. This may be because the new 
carbon source input improved soil nitrogen effectiveness 
and promoted nitrogen assimilation by microorganisms, 
leading to an increase in MBN. Meanwhile, litter inputs 
may affect the structure and function of alpine meadow 
ecosystems through a feedback mechanism driven by 
structural adjustment of soil microbial communities, 
increased nitrogen effectiveness, and changes in the soil 
environment.

Effect of Litter Inputs on Soil 
MBCP in Alpine Meadow

MBCP is the sum of carbon contained in the bodies 
of all microorganisms (including bacteria, fungi, 
actinomycetes, protozoa, and algae) in the soil. In 
this study, it was found that there was no significant 
positive or negative effect of MBCP with litter inputs, 
which is similar to the existing study [41]. The positive 
feedback loop of plant-microbe interactions in terrestrial 
ecosystems contributes to nutrient exchange, which is 
manifested in alpine meadows as “nitrogen promotes 
nitrogen fixation-carbon promotes nitrogen retention”. 
Plants provide carbon to microorganisms through root 
secretion, microorganisms provide directly available 
nitrogen to plants through mineralization, and root 
secretion regulates MBCP [42]. Meanwhile, the low 
temperature, low decomposition rate, and low enzyme 
activity of alpine meadows in the Sanjiangyuan area 
may largely affect MBCP. It may be because the unique 
ecosystem of alpine meadows affects the soil microbial 
community organization and the normal expression 
of functional genes, and the lag effect of soil leads  
to the inability to observe the response of MBCP to 
litter in a short period of time.

The content of MBCP in soil varies according to the 
type of grassland, climatic conditions, soil properties, the 
process of soil microbial synthesis and metabolism, etc. 

The present study did not explore the response of MBC 
and MBCP to meteorological factors, the regulatory 
mechanisms of soil factors, and microbial characteristics 
on MBC and MBCP, which is a limitation of this study. 
Subsequent studies should combine meteorological  
and soil factors to analyze the MBC and MBCP 
regulatory mechanisms.

Mechanisms of Soil Physicochemical  
and Enzyme Activities Affecting MBCP

This study found significant correlations between 
soil physicochemical properties, enzyme activities, and 
microbial biomass in alpine meadows (Fig. 5 (a-c)). 
Structural equation modeling indicated that soil 
physicochemical properties and enzyme activities. Soil 
microbial biomass and MBCP all showed significant 
positive correlations (P<0.05) (Fig. 5(a-c)). This may 
be due to the role of inter-root effects of alpine meadow 
plants. Plant inter-root secretions (which change soil pH 
and release organic carbon bound to minerals) promote 
microbial decomposition, which increases MBCP [43]. 
The physicochemical properties of ungrazed and lightly 
grazed alpine meadow soils showed a positive correlation 
with MBCP, but the difference was not significant 
(P>0.05). This may be because both ungrazed alpine 
meadow soil physicochemical properties (ST, SM, EC, 
PH, and BD) and lightly grazed soil physicochemical 
properties (ST, SM, EC, PH, BD, NH₄⁺-N, and NO₃⁻-N) 
did not show significant correlation with MBCP. This 
is because conventional structural equation modeling 
is used to test complex causal relationships between 
variables. In this study, the bias introduced by nested 
data was corrected by mixed-effects modeling to 
improve the estimation accuracy of SEM [44].

Due to the perennial low temperature and low 
decomposition rate on the Tibetan Plateau, soil organic 
matter decomposition and deep carbon pool dynamics 
need long-term monitoring to show significant trends, 
resulting in the lag effect of nutrient cycling in alpine 
meadow ecosystems not being fully considered. 
The short experimental period of this study is a 
limitation. We should carry out long-term localization 
experiments to explore the synergistic effects of litter 
inputs on enzyme activities and soil carbon sinks 
under the background of climate change. To explore 
the decomposition period of litter materials and the 
series of reactions and biochemical processes involved 
in the decomposition of litter materials, the microbial 
genetic mechanism of the changes in enzyme activity 
can be analyzed by combining it with macrogenomics 
technology.

Conclusions

With the increase of litter input, soil S-β-XYS,  
S-β-GC, S-FDA, S-DHA, CBH, MBC, MBN content, 
and MBCP had maximum values at T3, and the values 
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of S-β-XYS, S-β-GC, GOD, S-DHA, and MBCP were 
higher than those of the ungrazed and moderately 
grazed under light grazing. Structural equation 
modeling showed that soil microbial biomass of 
ungrazed, lightly grazed, and moderately grazed alpine 
meadows was significantly positively correlated with 
MBCP, and ungrazed enzyme activities were negatively 
correlated with MBCP; soil enzyme activities of lightly 
and moderately grazed alpine meadows were positively 
correlated with MBCP. The results of this study provide 
scientific guidance for the study of carbon pools in the 
Tibetan Plateau. Follow-up studies can be carried out 
for long-term monitoring to systematically analyze 
the effect of microbial biomass carbon pools in alpine 
meadows on litter inputs under global climate change.

Acknowledgments

This research was funded by the Key R&D and 
Transformation Project of the Qinghai Provincial 
Science and Technology Department (2024-NK-137) and 
the Ministry of Education’s Field Scientific Observatory 
of Sanjiangyuan Ecosystems (K9922050).

Conflict of Interest

The authors declare no conflict of interest. 

References 

1.	 BREIDENBACH A., SCHLEUSS P.-M., LIU S., 
SCHNEIDER D., DIPPOLD M.A., DE LA HAYE T., 
MIEHE G., HEITKAMP F., SEEBER E., MASON-JONES 
K. Microbial functional changes mark irreversible course 
of Tibetan grassland degradation. Nature Communications. 
13 (1), 2681, 2022.

2.	 FRIEDLINGSTEIN P., O‘SULLIVAN M., JONES M.W., 
ANDREW R.M., HAUCK J., OLSEN A., PETERS G.P., 
PETERS W., PONGRATZ J., SITCH S. Global carbon 
budget 2020. Earth System Science Data Discussions. 
2020, 1, 2020.

3.	 YANG H., SHAOJIE M., CHENGMING S., JIANLONG 
L., WEIMIN J. Summary of research on estimation of 
organic carbon storage in grassland ecosystem. Chin J 
Grassland. 33, 107, 2011.

4.	 LU X., KELSEY K.C., YAN Y., SUN J., WANG X., 
CHENG G., NEFF J.C. Effects of grazing on ecosystem 
structure and function of alpine grasslands in Qinghai–
Tibetan Plateau: A synthesis. Ecosphere. 8 (1), e01656, 
2017.

5.	 ZHU Q., CHEN H., PENG C., LIU J., PIAO S., HE J.-
S., WANG S., ZHAO X., ZHANG J., FANG X. An early 
warning signal for grassland degradation on the Qinghai-
Tibetan Plateau. Nature Communications. 14 (1), 6406, 
2023.

6.	 ZOU J., LUO C., XU X., ZHAO N., ZHAO L., ZHAO X. 
Relationship of plant diversity with litter and soil available 
nitrogen in an alpine meadow under a 9-year grazing 
exclusion. Ecological Research. 31, 841, 2016.

7.	 WEN Q., ZHAO X., CHEN H., TUO D., LIN Q. 
Distribution characteristics of microbial mass carbon in 
different soil aggregates in a semi-arid region. Chinese 
Agricultural Science. 37 (10), 1504, 2004.

8.	 DENG Q., CHENG X., HUI D., ZHANG Q., LI M., 
ZHANG Q. Soil microbial community and its interaction 
with soil carbon and nitrogen dynamics following 
afforestation in central China. Science of the Total 
Environment. 541, 230, 2016.

9.	 LIU X., LIN T.-C., VADEBONCOEUR M.A., YANG 
Z., CHEN S., XIONG D., XU C., LI Y., YANG Y. Root 
litter inputs exert greater influence over soil C than does 
aboveground litter in a subtropical natural forest. Plant and 
Soil. 444, 489, 2019.

10.	 WANG Q., YU Y., HE T., WANG Y. Aboveground and 
belowground litter have equal contributions to soil CO2 
emission: an evidence from a 4-year measurement in a 
subtropical forest. Plant and Soil. 421, 7, 2017.

11.	 LUDWIG B., SCHULZ E., RETHEMEYER J., 
MERBACH I., FLESSA H. Predictive modelling of C 
dynamics in the long‐term fertilization experiment at Bad 
Lauchstädt with the Rothamsted Carbon Model. European 
Journal of Soil Science. 58 (5), 1155, 2007.

12.	PAN F., ZHANG W., LIANG Y., LIU S., WANG K. 
Increased associated effects of topography and litter and 
soil nutrients on soil enzyme activities and microbial 
biomass along vegetation successions in karst ecosystem, 
southwestern China. Environmental Science and Pollution 
Research. 25, 16979, 2018.

13.	 PIOLI S., SARNEEL J., THOMAS H.J., DOMENE X., 
ANDRÉS P., HEFTING M., REITZ T., LAUDON H., 
SANDÉN T., PISCOVÁ V. Linking plant litter microbial 
diversity to microhabitat conditions, environmental 
gradients and litter mass loss: Insights from a European 
study using standard litter bags. Soil Biology and 
Biochemistry. 144, 107778, 2020.

14.	 ZHAO Q., CLASSEN A.T., WANG W.-W., ZHAO X.-
R., MAO B., ZENG D.-H. Asymmetric effects of litter 
removal and litter addition on the structure and function of 
soil microbial communities in a managed pine forest. Plant 
and Soil. 414, 81, 2017.

15.	 BANSAL S., SHELEY R.L., BLANK B., VASQUEZ 
E.A. Plant litter effects on soil nutrient availability and 
vegetation dynamics: changes that occur when annual 
grasses invade shrub-steppe communities. Plant Ecology. 
215, 367, 2014.

16.	 HASSAN N., SHER K., RAB A., ABDULLAH I., ZEB U., 
NAEEM I., SHUAIB M., KHAN H., KHAN W., KHAN 
A. Effects and mechanism of plant litter on grassland 
ecosystem: A review. Acta Ecologica Sinica. 41 (4), 341, 
2021.

17.	 LIN W., DE K., XIANG X., FENG T., LI F., WEI X. 
Effects of simulated litter inputs on plant-microbe carbon 
pool trade-offs in degraded alpine meadows. Frontiers in 
Plant Science. 16, 1549867, 2025.

18.	 FANIN N., BERTRAND I. Aboveground litter quality is a 
better predictor than belowground microbial communities 
when estimating carbon mineralization along a land-use 
gradient. Soil Biology and Biochemistry. 94, 48, 2016.

19.	 XIANG X., DE K., ZHANG L., LIN W., FENG T., QIAN 
S., WEI X., WANG W., XU C., GENG X. Short-term 
relationships between biomass and nutrients in alpine 
meadows under nitrogen addition. Chinese Journal of 
Grassland. 45 (1), 53, 2023.

20.	XIAO Q., HUANG Y., WU L., TIAN Y., WANG Q., 
WANG B., XU M., ZHANG W. Long-term manuring 



Weishan Lin, et al.10

increases microbial carbon use efficiency and mitigates 
priming effect via alleviated soil acidification and resource 
limitation. Biology and Fertility of Soils. 57, 925, 2021.

21.	 ZHOU W., QIN X., LYU D., QIN S. Effect of glucose on 
the soil bacterial diversity and function in the rhizosphere 
of Cerasus sachalinensis. Horticultural Plant Journal. 7 (4), 
307, 2021.

22.	LIN W., ZHANG L., XIANG X., FENG T., LI F., WEI 
X., WANG W., DE K. Dynamic changes of vegetation 
biomass and nutrients in degraded alpine meadows in 
the Sanjiangyuan area. Southwest China Journal of 
Agricultural Sciences. 37 (7), 2024.

23.	VANCE E.D., BROOKES P.C., JENKINSON D.S. An 
extraction method for measuring soil microbial biomass C. 
Soil Biology and Biochemistry. 19 (6), 703, 1987.

24.	LI Y.-Y., DONG S.-K., WEN L., WANG X.-X., WU Y. Soil 
carbon and nitrogen pools and their relationship to plant 
and soil dynamics of degraded and artificially restored 
grasslands of the Qinghai–Tibetan Plateau. Geoderma. 
213, 178, 2014.

25.	DE OLIVEIRA T.B., DE LUCAS R.C., DE ALMEIDA 
SCARCELLA A.S., CONTATO A.G., PASIN T.M., 
MARTINEZ C.A., DE MORAES M.D.L.T. Effects of 
multiple climate change factors on exoenzyme activities 
and CO2 efflux in a tropical grassland. Soil Biology and 
Biochemistry. 148, 107877, 2020.

26.	GONG S., ZHANG T., GUO R., CAO H., SHI L., GUO J., 
SUN W. Response of soil enzyme activity to warming and 
nitrogen addition in a meadow steppe. Soil Research. 53 
(3), 242, 2015.

27.	 DEFOREST J.L. The influence of time, storage 
temperature, and substrate age on potential soil enzyme 
activity in acidic forest soils using MUB-linked substrates 
and L-DOPA. Soil Biology and Biochemistry. 41 (6), 1180, 
2009.

28.	MAŁACHOWSKA-JUTSZ A., MATYJA K. Discussion 
on methods of soil dehydrogenase determination. 
International Journal of Environmental Science and 
Technology. 16, 7777, 2019.

29.	 MORI T., AOYAGI R., KITAYAMA K., MO 
J. Does the ratio of β-1, 4-glucosidase to β-1, 
4-N-acetylglucosaminidase indicate the relative resource 
allocation of soil microbes to C and N acquisition? Soil 
Biology and Biochemistry. 160, 108363, 2021.

30.	LIU Y.-D., YUAN G., AN Y.-T., ZHU Z.-R., LI G. 
Molecular cloning and characterization of a novel 
bifunctional cellobiohydrolase/β-xylosidase from a 
metagenomic library of mangrove soil. Enzyme and 
Microbial Technology. 162, 110141, 2023.

31.	 ZHAO H., JIANG Y., NING P., LIU J., ZHENG W., TIAN 
X., SHI J., XU M., LIANG Z., SHAR A.G. Effect of 
different straw return modes on soil bacterial community, 
enzyme activities and organic carbon fractions. Soil 
Science Society of America Journal. 83 (3), 638, 2019.

32.	HUANG Z., KE Z., MA Y., XIA C., HE Q., ZHANG Q. 
Effects of different degrees of disturbance by plateau Pika 

on plant diversity, soil bulk density, and water content. 
Journal of Sichuan Agricultural University. 42 (6), 1348, 
2024.

33.	 LIU P., QIN.Y., MO H., ZHOU Z., MENG W., HUANG 
Q., MA J. Effects of Litter Input and Removal on Soil 
Physicochemical Properties, Enzyme. Activity, and 
Stoichiometry in Karst of Loropetalum chinense. Journal 
of Guangxi Normal University (Natural Science Edition). 
41 (6), 179, 2023.

34.	LI Q., LI S., WANG X., LIU B., ZHANG G., ZHANG C., 
GAO Y., MEI H., WANG Y. Influences of changing carbon 
inputs on soil microbial carbon metabolism in natural 
secondary forests in Yimeng mountainous area. Acta 
Ecologica Sinica. 41 (10), 4110, 2021.

35.	 JIA B. Litter decomposition and its underlying 
mechanisms. Journal of Plant Ecology. 43 (8), 648, 2019.

36.	LEFF J.W., WIEDER W.R., TAYLOR P.G., TOWNSEND 
A.R., NEMERGUT D.R., GRANDY A.S., CLEVELAND 
C.C. Experimental litterfall manipulation drives large 
and rapid changes in soil carbon cycling in a wet tropical 
forest. Global Change Biology. 18 (9), 2969, 2012.

37.	 LI P., YANG Y., HAN W., FANG J. Global patterns of soil 
microbial nitrogen and phosphorus stoichiometry in forest 
ecosystems. Global Ecology and Biogeography. 23 (9), 
979, 2014.

38.	SNIEGOCKI R., MOON J.B., RUTROUGH A.L., 
GIRENEUS J., SEELAN J.S.S., FARMER M.C., 
WEINDORF D.C., NAITHANI K. Recovery of soil 
microbial diversity and functions along a tropical montane 
forest disturbance gradient. Frontiers in Environmental 
Science. 10, 853686, 2022.

39.	 CLEVELAND C.C., LIPTZIN D. C: N: P stoichiometry in 
soil: is there a “Redfield ratio” for the microbial biomass? 
Biogeochemistry. 85, 235, 2007.

40.	HU X., WU N., YIN P., WU Y. Effects of snowpack and 
litter input on soil microbial count and biomass in the 
Eastern Tibetan Plateau. Ecological Science. 32 (3), 359, 
2013.

41.	 WEI X., WU F., HEDĚNEC P., YUE K., PENG Y., YANG 
J., ZHANG X., NI X. Changes in soil faunal density and 
microbial community under altered litter input in forests 
and grasslands. Fundamental Research. 2 (6), 954, 2022.

42.	AAMIR M., RAI K., DUBEY M., ZEHRA A., TRIPATHI 
Y., DIVYANSHU K., SAMAL S., UPADHYAY R. Impact 
of climate change on soil carbon exchange, ecosystem 
dynamics, and plant-microbe interactions. In: Climate 
Change and Agricultural Ecosystems: Current Challenges 
and Adaptation. Woodhead Publishing, 2019.

43.	 ZHENG Y., YU C., XIAO Y., YE T., WANG S. The 
impact of utilizing oyster shell soil conditioner on the 
growth of tomato plants and the composition of inter-root 
soil bacterial communities in an acidic soil environment. 
Frontiers in Microbiology. 14, 1276656, 2024.

44.	ASPAROUHOV T., MUTHÉN B. Exploratory structural 
equation modeling. Structural Equation Modeling: a 
Multidisciplinary Journal. 16 (3), 397, 2009.


