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ABSTRACT： 11 

Tibetan sheep (Ovis aries) and plateau pika (Ochotona curzoniae) excrements are important 12 

organic materials that influence soil carbon cycling in the Qinghai-Tibetan Plateau. However, their 13 

exact priming effects (PE) on soil and mechanisms of influence in alpine meadows are subject to 14 

their health status. To fill this knowledge gap, we carried out a 45-day incubation experiment using 15 

alpine meadow soils with differing degrees of degradation that had been enriched with these two 16 

types of excrement. Soil PE was assessed via the natural abundance method, while soil microbial 17 

communities and their compositions were examined through high-throughput sequencing. The 18 

findings indicated that severely degraded alpine meadow soils exhibit significantly stronger positive 19 

priming effects (PE) from Tibetan sheep and plateau pika excrements than non-degraded soils (P < 20 

0.05). These excrements restructure soil microbial communities, reducing bacterial α-diversity 21 

while increasing β-diversity and microbial biomass C:N ratios. Key microbial drivers of PE include 22 

Actinobacteriota (positive correlation, r = 0.70) and Proteobacteria (negative correlation, r = −0.52), 23 

whose abundances are modulated by soil properties: the C:N ratio promotes Proteobacteria (r = 24 

0.39), while a lower NO3
--N:NH4

+-N ratio suppresses Actinobacteriota (r = −0.18). Meadow 25 

degradation thus indirectly intensifies PE by altering these microbial phylum and stoichiometric 26 

balances. These findings support Qinghai-Tibetan Plateau grassland management through: (1) 27 

restricting grazing/pika activity in degraded zones to reduce carbon loss, (2) optimizing soil C:N 28 
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ratios to suppress priming effect (PE)-enhancing microbes, and (3) conserving intact meadows for 29 

carbon sequestration—collectively enabling sustainable grassland management. 30 

Keywords: Soil microbia phylum, degree of meadow degradation, soil priming effects, 31 

excrement supplements 32 

1. Introduction 33 

Renowned as the “Roof of the World” and the “Third Pole of the Earth”, the 34 

Tibetan Plateau, with an average elevation of 4,000 m above sea level, is the highest 35 

plateau in the world (Qiu, 2008), where the land cover is dominated by alpine meadows. 36 

They offer a multitude of invaluable ecological services, including the preservation of 37 

biodiversity and water resources (Liu et al., 2018), the mitigation of greenhouse gas 38 

emissions, and the safeguarding of habitats for endangered species (Chen et al., 2018; 39 

Wang et al., 2020). However, about 80% of the alpine meadows have been degraded to 40 

varying degrees (Li et al., 2013; Zhu et al., 2022). Degraded alpine meadows exhibit a 41 

decreased plant cover and biodiversity (Urak et al., 2017; Yang et al., 2013), 42 

accompanied by a decline in soil nutrients and microbial biomass (Korkanc and 43 

Korkanc, 2016; Nunes et al., 2012; Shang et al., 2016). These changes have 44 

subsequently altered soil microbial composition and structure (Li et al., 2021), 45 

ultimately affecting the capacity of the alpine meadows to sequester soil carbon (Kou 46 

et al., 2019; Wang et al., 2002). 47 

In an effort to restore the compromised meadow ecosystem functions, various 48 

measures have been attempted, such as supplementation of exogenous organic matter. 49 

After its application to the soil, it may promote or inhibit soil organic carbon 50 

mineralization temporally, a phenomenon termed the priming effect (PE) (Chen et al., 51 

2014; Fontaine et al., 2004; Fontaine et al., 2003; Kuzyakov et al., 2000; Smith et al., 52 

2014). Previous studies have indicated that the nature of exogenous organic matter, the 53 

existing soil nutrient status, and microbial composition are all factors influential to the 54 

magnitude and duration of PE (Blagodatskaya and Kuzyakov, 2008). Moreover, 55 

alterations in soil microbial composition exert a significant impact on ecosystem carbon 56 

cycling (Chen et al., 2021). Researchers have discovered that specific microbial 57 
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phylum, such as Proteobacteria and Acidobacteria, can facilitate the decomposition of 58 

soil organic matter (SOM) and may play a crucial role in modulating soil PE 59 

(Razanamalala et al., 2018; Tao et al., 2020). 60 

As a widespread and readily available soil amendment, animal excrement not only 61 

influences soil physicochemical properties and enzyme activities but also profoundly 62 

alters the composition of soil microbial communities (Ai et al., 2018; Ramirez et al., 63 

2012; Wang et al., 2017) and dominant microbial communities in soil, and subsequently 64 

influences the efficiency of organic carbon cycling (Zhang et al., 2015). For instance, 65 

r-strategist microbes have a high demand for nitrogen and prefer easily accessible 66 

substrates, while oligotrophic K-strategist microbes favor recalcitrant carbon 67 

substrates, and have a lower nitrogen requirement (Fierer et al., 2007; Fontaine et al., 68 

2003). They can thrive in soils of a high stoichiometric C:N ratio, and release 69 

extracellular enzymes to extract nitrogen from SOM (Heitkötter et al., 2017; Hicks et 70 

al., 2019; Zechmeister-Boltenstern et al., 2015). Conversely, they tend to dominate 71 

substrates with a lower stoichiometric C:N ratio that match the growth rates and activity 72 

demands of fast-growing r-strategist microbes (Chen et al., 2014; Fang et al., 2018; 73 

Hessen et al., 2004), thereby altering SOM decomposition. So far, it has been confirmed 74 

that exogenous supplements with a low C:N ratio are more likely to influence soil 75 

microbial composition as they are mineralized more rapidly (Xu et al., 2016; 76 

Zimmermann et al., 2012), even though the rate and mechanisms of soil PE are also 77 

subject profoundly to the structure and composition of the microbial communities 78 

(Blagodatskaya and Kuzyakov, 2008; Pascault et al., 2013). 79 

In recent decades, the alpine meadows in the Tibet Plateau have been degraded to 80 

various levels owing mostly to overgrazing and rodent outbreaks (Wei et al., 2023). 81 

Alpine meadows that have been degraded to varying degrees harbor different densities 82 

of livestock and plateau pikas (Ochotona curzoniae), naturally resulting in widely 83 

ranging quantities of excrement. It plays a distinct role in nutrient cycling (Wei et al., 84 

2023). As one of the primary grazing livestock on the Qinghai-Tibet Plateau, Tibetan 85 

sheep (Ovis aries) and their excrement, if properly decomposed, are significant 86 

contributors to the nutrient cycling in the meadows (Liu et al., 2023). Additionally, the 87 
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excrement is also a crucial source of organic fertilizer, often utilized for the restoration 88 

of degraded grasslands (Liu et al., 2023). The plateau pika is the most common small 89 

burrowing mammal in the alpine meadows of the Plateau (Qin et al., 2015; Thomson 90 

and Simpson, 2007; Zhang et al., 2014). Despite the wide distribution of pika excrement 91 

in some severely degraded alpine meadows, the reconstructed vegetation established 92 

via artificial seeding is still highly prone to degradation (Davidson and Lightfoot, 2008; 93 

Lai and Smith, 2003; Smith and Foggin, 1999). This suggests that the difficulty in 94 

restoring degraded grasslands could not be attributed primarily to low soil fertility (Li 95 

et al., 2013; Liu et al., 2018). To some degree, the soil nutrients can be absorbed by 96 

plants only after they have been properly decomposed by the activities of microbes that 97 

are abundant in the soil. Nevertheless, their impact on soil carbon cycling and their 98 

intrinsic links with soil fungus communities in the alpine meadows with varying 99 

degrees of degradation remain unknown at present. On the other hand, such knowledge 100 

can provide theoretical insights into the mechanisms of soil PE induced by the 101 

excrements. The research in this area also can offer data support for the scientific 102 

utilization and management of these excrements in meadows degraded to different 103 

degrees. 104 

This study aims to explore the influence of these two types of excrement 105 

supplements on soil fungal communities in the alpine meadows with different degrees 106 

of degradation through high-throughput sequencing. The specific objectives are: (1) to 107 

explore how the level of soil degradation impacts the PE; (2) to identify major microbial 108 

phylum that are critical to enhancing soil PE; and (3) to develop a theory to explain 109 

how animal excrement supplements can be best used for the effective restoration of 110 

degraded meadows based on the relationship between microbial communities and soil 111 

PE.  112 

2. Materials and methods 113 

2.1 Collection of soil samples and excrements 114 
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The research site is in Menyuan County, Qinghai Province (37°46′ N; 101°21′ E) 115 

whose altitude ranges approximately from 3200 to 3700 m a.m.s.l.. Its typical plateau 116 

alpine climate enables alpine meadow to thrive year-round, especially in the warm 117 

season of June-September. Distributed in this meadow are such common plants as 118 

tarragon grasses (Kobresia myosuroides), tussock grasses (Carex spp.), and lancewood 119 

(Elymus dahuricus). 120 

In July 2022, typical alpine meadows representive of non-degraded (N), and three 121 

degrees of degradation (L - lightly degraded, M - moderately degraded, and S - severely 122 

degraded) were selected. This classification was based primarily on plant coverage in 123 

accordance with the GB19377-2003 standards for grading natural grassland 124 

degradation (Su et al., 2003). The vegetation coverage exceeded 80% in non-degraded 125 

alpine meadows, ranged between 65% and 80% in lightly degraded areas, between 40% 126 

and 65% in moderately degraded areas, and dropped below 40% in severely degraded 127 

alpine meadows (Fig. S1). For each level of degradation, three plots of 50 m × 50 m 128 

were chosen for analysis. Within each plot, ten 1 m × 1 m subplots spaced at > 1 m 129 

apart were randomly established. Five S-shaped cores of 0-20 cm soil samples were 130 

randomly collected using a soil auger with a diameter of 4.5 cm. The soil samples from 131 

a total of 150 cores in the three plots were thoroughly mixed. In the laboratory, the 132 

samples were cleaned by removing plant remnants, stones, and other impurities. 133 

Following air-drying, they were sieved through a 20-mesh sieve. The sieved soil was 134 

then utilized for assessing physicochemical properties and the PE (Table 1). 135 

Tibetan sheep excrement (T) and plateau pika excrement (P) were collected from 136 

the alpine meadows in the study area. After natural air-drying, the excrements were 137 

crushed and passed through a 20-mesh sieve for physicochemical property 138 

determination and soil PE analyses (Table 1). 139 

2.2 Pre-incubation experiments 140 

Since the maximum summer temperature in the alpine meadow area is around 141 

20 °C, all incubation experiments in this study were conducted at this temperature. 142 

Initially, 120 grams (g) of soil samples were placed in 1-liter incubation bottles, 143 
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adjusted to 50% of their water-holding capacity, and pre-incubated at 20 °C for seven 144 

days to stabilize soil microbial activities. Water was replenished using a gravimetric 145 

method during this period. Subsequently, a preliminary test was performed by adding 3 146 

g, 9 g, and 15 g of Tibetan sheep excrement (T) and plateau pika excrement (P) to 147 

separate soil batches. The results of this test showed that the intensity of the PE reached 148 

its peak at a dosage of 9 g of Tibetan sheep excrement, while no clear correlation was 149 

observed with the dosage of plateau pika excrement. To ensure a consistent supplement 150 

dosage and based on the study by Gross and Glaser (2021), the final dosage for the 151 

main experiment was determined to be 9 g (Table S1). 152 

2.3 Experimental design 153 

The experimental design consisted of five soil substrates: a control (quartz sand), 154 

and four types of soils (N, L, M, S), combined with three excrement supplementation 155 

treatments: a control (no excrement added), Plateau pika excrement, and Tibetan sheep 156 

excrement. Each of the 5 × 3 treatment combinations was replicated three times, 157 

resulting in a total of 45 incubation bottles. Thus, a total of 45 incubation bottles were 158 

set up, with a 50 mL vial suspended at the top of each, containing 20 mL of NaOH to 159 

absorb CO2 released from the soil. The incubation bottles were then placed in a constant 160 

temperature incubator at 20C for further incubation. On days 1, 3, 5, 7, 9, 11, 13, 17, 161 

21, 25, 29, 37, and 45 of incubation, phenolphthalein was used as an indicator to 162 

precipitate carbonates with 20 mL of 1 M BaCl2. The NaOH solution was titrated using 163 

a standard 0.5 M hydrochloric acid solution. The precipitate was obtained by 164 

centrifugation at 1800 r·min-1 for 15 minutes, dried at 55C, and analyzed for δ¹³C 165 

values using an isotope mass spectrometer (Qiao et al., 2014). Additionally, another set 166 

of soil samples was incubated under the same conditions and protocol. During the peak 167 

periods of CO2 release from the excrements (days 9, 21, and 45), samples were collected 168 

to assess soil physicochemical properties, microbial composition, and diversity. 169 

2.4 Measured indicators 170 

2.4.1 Soil priming effect 171 
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The ratio of CO2-C (α) from soil respiration was calculated using the two-172 

component mixing model (Pausch et al., 2013): 173 

α=(δt-δs)/(δck-δs) (1) 174 

In this context, δt represents the δ¹³C value of the total CO2-C released from the 175 

soil after the addition of excrements. δs represents the δ¹³C value of the excrement itself, 176 

while δck represents the δ¹³C value of the total CO2-C released from the control soil. 177 

The PE, which stands for the proportion of SOC respiration induced by the added 178 

excrements, was calculated using the following formula: 179 

PE=α×Rt-Rck (2) 180 

In this context, Rt represents the total CO2-C released from respiration in the soil 181 

after the addition of excrements, while Rck represents the total CO2-C released from the 182 

control treatment (i.e., the same soil substrate with no excrement added). Both Rt and 183 

Rck are measured in milligrams of carbon (mg C). 184 

2.4.2 Determination of soil physicochemical properties 185 

Soil organic carbon (SOC) content was measured using the potassium dichromate-186 

sulfuric acid oxidation method. Total nitrogen (TN) was measured through digestion 187 

with concentrated sulfuric acid followed by distillation. Total phosphorus (TP) was 188 

measured spectrophotometrically after digestion with HClO4-H2SO4. Total potassium 189 

(TK) was measured spectrophotometrically using the flame photometric method, 190 

following digestion with HF-HClO4. Concentrations of NH4
+-N and NO3

--N were 191 

determined using a continuous flow injection analyzer after extraction with 1 mol·L-1 192 

KCl. Available phosphorus (AP) was measured spectrophotometrically following 193 

extraction with NaHCO3. Available potassium was measured spectrophotometrically 194 

after extraction with NH4OAc (Sparks and Johnston, 1996). Microbial biomass carbon 195 

(MBC) and microbial biomass nitrogen (MBN) were determined by chloroform 196 

fumigation at a 4:1 water-soil ratio, potassium sulphate leaching, and the TOC-L 197 

analyzer (Jenkinson and Powlson, 1976). 198 

2.4.3 Soil microbial determination 199 
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The diversity and composition of soil bacterial and fungal communities were 200 

ascertained with the help of Personalbio Inc. platform in Beijing 201 

(https://www.genescloud.cn/). The V3-V4 region of bacterial 16S rDNA and the ITSV1 202 

of fungal ITS rDNA were amplified by specific primers for F: 203 

ACTCCTACGGGGAGGCAGCA R:GGACTACHVGGGTWTCTAAT and 204 

F:GGAAGTAAAAGTCGTAACAAGG R:GCTGCGTTCTTCATCGATGC region 205 

(Claesson et al., 2009). Microbiome biological information was analyzed using 206 

QIIME2 version 2019.4. Soil bacteria and fungi were analyzed through the Silva 207 

database (Release 132, http://www.arb-silva.de) and the UNITE database (Release 8.0, 208 

https://unite.ut.ee/), respectively, by comparing the ASV characteristic sequences to the 209 

reference sequences in the databases to obtain the corresponding taxonomic 210 

information corresponding to each ASV. 211 

2.5 Data analysis 212 

Analysis of variance (ANOVA) was utilized to detect significant differences 213 

between various treatments. IBM SPSS Statistics 26.0 (IBM SPSS Inc.) was employed 214 

for statistical analyses, with significance set at P < 0.05. Graphical representations were 215 

crafted using Graphpad Prism 7.0. Chao1 and Shannon indices were analyzed through 216 

ANOVA, whereas principal coordinates analysis (PCoA) was conducted using 217 

PERMANOVA. Soil microbial community composition at the amplicon sequence 218 

variant (ASV) level was explored through PCoA (employing Bray-Curtis distance) and 219 

PERMANOVA tests. Pearson correlation analysis was conducted to assess the 220 

relationships between soil physicochemical factors and the relative abundances of 221 

bacterial and fungal phyla. SPSS 26.0 was used for data analysis, and Origin 2019b, 222 

Graphpad Prism 7.0, and the Personalbio company's cloud platform were utilized for 223 

graphical visualizations. Mean values were compared using the Tukey test (P < 0.05). 224 

A correlation network was built using Spearman analysis and analyzed using Gephi. 225 

Significance P-values and correlation coefficients (R-values) were computed using the 226 

RMT package in R. Based on these coefficients and significance, a modular network 227 

and a ZiPi plot were developed. Structural equation modeling (SEM) was applied to 228 
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identify the impacts among multiple variables. Prior to modeling, all parameters were 229 

logarithmically transformed to ensure normality and enhance linearity. Binary 230 

relationships between variables were evaluated to incorporate linear relationships into 231 

the model and avoid strong multicollinearity (r < 0.8). Gradually, insignificant 232 

pathways were eliminated, retaining only those that significantly contributed to the final 233 

model. Since some model input variables were not normally distributed, Bootstrap 234 

resampling was performed to determine the probability that a path coefficient differed 235 

from zero. Model fit was assessed using the comparative fit index (CFI), goodness of 236 

fit index (GFI), standardized fit index (NFI), and approximate root-mean-square error 237 

(RMSEA). The final model was deemed good based on the following criteria: (i) CFI 238 

between 0.97 and 1.00; (ii) GFI between 0.95 and 1.00; (iii) NFI between 0.95 and 1.00; 239 

(iv) CMIN/df between 1 and 3, with P-value between 0.05 and 1.00; (v) RMSEA ≤ 240 

0.05, with P-value between 0.10 and 1.00. All SEM models were created using IBM 241 

SPSS Amos Version 24. 242 

3. Results 243 

3.1 Soil priming effects and physicochemical properties 244 

After introducing the two types of excrement, a generally positive PE was 245 

observed over the 45-day incubation period, with only occasional negative PE at 246 

specific times (Fig. 1a). The addition of plateau pika excrement resulted in a 247 

significantly higher cumulative PE in soils at various levels of degradation than that 248 

Tibetan sheep excrement (Fig. 1b). Initially, following the application of Tibetan sheep 249 

excrement, a negative PE was noted. Furthermore, non-degraded alpine meadow soil 250 

exhibited a significantly higher cumulative PE than severely degraded soil (P < 0.05). 251 

Conversely, upon adding plateau pika excrement, a predominantly positive PE was 252 

observed throughout the incubation period. Notably, severely degraded alpine meadow 253 

soil showed a significantly higher cumulative PE than non-degraded soil (P < 0.05).  254 

During the early incubation period (9 d), there were significant differences in C:N 255 

ratio, MBC:MBN ratio, and NO3
--N:NH4

+-N ratio between non-degraded and severely 256 
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degraded soils (Fig. 2a-c). As the incubation period lengthened, all these ratios 257 

significantly decreased. The addition of excrement significantly increased the soil C:N 258 

ratio, but significantly reduced the NO3
--N:NH4

+-N ratio in both non-degraded and 259 

severely degraded soils on 9 d and 45 d (P < 0.05). 260 

3.2 Changes in microbial community composition 261 

On 9 d, 21 d, and 45 d of incubation, compared to the control soils, non-degraded, 262 

mildly degraded, and moderately degraded alpine meadow soils were not significantly 263 

impacted by the addition of the two types of excrement in their Chao1 and Shannon 264 

indiced (Fig. 3a and 3b). In severely degraded alpine meadow soil, the addition of 265 

Tibetan sheep excrement significantly reduced the Chao1 and Shannon indices of 266 

bacteria (P < 0.05). On the 9 d, 21 d, and 45 d of incubation, the added Tibetan sheep 267 

excrement significantly increased the Chao1 and Shannon indices of fungi in non-268 

degraded, mildly degraded, and moderately degraded alpine meadow soils (P < 0.05) 269 

in comparison with the control soil, but not the severely degraded alpine meadow soil 270 

(Fig. 3c and 3d).  271 

After the addition of the two types of excrement, differences showed up in the 272 

composition of soil bacterial and fungal communities, with PCo1 and PCo2 explaining 273 

28.4% and 36.0% of the total variance in bacterial and fungal communities, respectively 274 

(Fig. 4a and 4b). PERMANOVA analysis revealed significant differences in bacterial 275 

communities between soils with and without the amendment of Tibetan sheep 276 

excrement in non-degraded meadow soil (P < 0.05). In moderately degraded alpine 277 

meadows, significant differences were observed in bacterial communities between soils 278 

with and without the addition of plateau pika excrement (P < 0.05). In severely 279 

degraded alpine meadows, the β diversity of bacterial communities showed significant 280 

differences after the addition of both types of excrement compared to the control soils 281 

(P < 0.05). Across all four types of alpine meadow soils, the β diversity of the fungal 282 

communities significantly differed between excrement-amended soils and unamended 283 

soils (P < 0.05).  284 
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The addition of the two types of excrement increased the relative abundance of 285 

Proteobacteria and Actinobacteria, while decreasing the relative abundance of 286 

Acidobacteria and Gemmatimonadetes (P < 0.05) (Fig. 5a). Following the addition of 287 

excrement, the relative abundance of Ascomycota increased to over 90% to become the 288 

dominant fungal phylum in all treatments. The relative abundance of 289 

Mortierellomycota decreased to below 5%, but still remained as the second most 290 

abundant fungal phylum. The relative abundance of Basidiomycota dropped to below 291 

2% to rank the third in terms of fungal phylum abundance in all treatments (Fig. 5b). 292 

3.3 Soil microbial co-occurrence networks and key phylum 293 

Separate networks were constructed for soil bacteria and fungi, a control network 294 

without excrement (CK), a network with Tibetan sheep excrement (T), and a network 295 

with plateau pika excrement (P) (Fig. 6). The addition of excrement increased total 296 

nodes, and the proportion of positive edges (Table 2). The ZiPi plot indicated that the 297 

key bacterial phylum without the excrement supplement and with the Tibetan sheep 298 

excrement supplement were Proteobacteria, Acidobacteriota, Actinobacteriota, 299 

Gemmatimonadota, and Chloroflexi. The key bacterial phylum with the addition of 300 

plateau pika excrement were Proteobacteria, Acidobacteriota, Actinobacteriota, 301 

Gemmatimonadota, and Bacteroidota. The key fungal phylum of all treatments (without 302 

excrement, with Tibetan sheep excrement, or plateau pika excrement) were identified 303 

as Ascomycota, Mortierellomycota, and Basidiomycota.  304 

We also constructed soil bacterial and fungal networks for alpine meadows in four 305 

states: non-degraded, lightly degraded, moderately degraded, and severely degraded 306 

(Fig. 7), and analyzed these networks. Compared with severely degraded soil, non-307 

degraded soil had an increased number of network edges and average degree (Table 2). 308 

The ZiPi plot revealed that the dominant bacterial phyla in non-degraded, lightly 309 

degraded, and moderately degraded soils were Proteobacteria, Acidobacteriota, 310 

Actinobacteriota, Gemmatimonadota, and Chloroflexi, respectively. In contrast, the 311 

dominant bacterial phyla in severely degraded soil were Actinobacteriota, 312 

Proteobacteria, Acidobacteriota, Gemmatimonadota, and Chloroflexi. The main fungal 313 
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phyla in non-degraded, lightly degraded, and moderately degraded soils were 314 

Ascomycota, Basidiomycota, and Mortierellomycota. However, in severely degraded 315 

soil, the dominant fungal phyla were Ascomycota and Mortierellomycota. 316 

3.4 Effects of stoichiometric ratios and soil microbial composition 317 

The addition of the two types of excrement had a direct negative impact on PEs (r 318 

= -0.94). Key microbial communities in the soil, namely Actinobacteriota, 319 

Proteobacteria, and Chloroflexi, showed a direct positive influence on soil PEs (r = 320 

0.21, r = 0.29, r = 0.22). The soil C:N ratio positively affected the key microbial 321 

community Proteobacteria (r = 0.39), thereby influencing PEs, while the soil NO3
--322 

N:NH4
+-N ratio negatively impacted the key microbial community Actinobacteriota (r 323 

= -0.18), subsequently affecting PEs. The degree of meadow degradation influenced the 324 

key microbial communities, Actinobacteriota and Proteobacteria, as well as the soil C:N 325 

ratio, indirectly affecting the soil PEs (r = 0.70, r = -0.52, r = -0.26) (Fig. 8). 326 

4. Discussion 327 

4.1 Impact of degradation degree 328 

In alpine meadow soils with varying degrees of degradation, severely degraded 329 

soils were more susceptible to soil PEs than non-degraded soils (Fig. 1a and 1b). When 330 

the soil exhibited a positive PE, it was minimal in non-degraded soil and maximal in 331 

severely degraded soil. However, when the soil exhibited a negative PE, it was maximal 332 

in non-degraded soil and minimal in severely degraded soil, an outcome that was 333 

aligned with previous findings (Bernal et al., 2016; Chen et al., 2019; Chen et al., 2022; 334 

Zhang et al., 2017). That is, PE is related to plant coverage (degree of degradation), 335 

with PE in bare soil being typically stronger than that in vegetated soil. Additionally, it 336 

may also be associated with the NO3
--N:NH4

+-N ratio. After the addition of excrement, 337 

compared to non-degraded soil, severely degraded soil had a higher NO3
--N:NH4

+-N 338 

ratio. Previous studies have shown that soil C and N availability markedly influences 339 

soil microbial community composition and microbial functions related to soil C and N 340 

cycling (Bowles et al., 2014; Koranda et al., 2011; Zhou et al., 2017). 341 
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Compared to non-degraded soil, severely degraded meadow soil had a higher 342 

MBC:MBN ratio (Fig. 2), reduced soil α-diversity (Fig. 3), no significant change in 343 

microbial community structure (Fig. 3), but a significant change in soil bacterial 344 

community composition (Fig. 4). This aligns with the findings of others in the literature 345 

(Sullivan and Hart, 2013), and indicates that the addition of exogenous carbon alters 346 

the size and composition of microbial communities in different soils. After excrement 347 

supplementation, the relative abundance of Proteobacteria and Actinobacteria 348 

significantly increased. They are typically considered r-strategists (Fierer et al., 2007; 349 

Peiffer et al., 2013). Compared to severely degraded soil, non-degraded soil had a 350 

higher relative abundance of Proteobacteria. As a key bacterial community in soil 351 

ecosystems, Proteobacteria promotes the dissolution of organophosphates and soil 352 

nitrogen fixation (Pascault et al., 2013). Both Proteobacteria and Actinobacteria prefer 353 

nutrients-rich environments and play crucial roles in cycling soil nutrients (Ren et al., 354 

2018), particularly in decomposing excrements in which they are responsible for 355 

degrading organic matter (Pascault et al., 2013). The excrement supplements used in 356 

this study provided a rich nutrient source for Proteobacteria, potentially leading to an 357 

increase in its relative abundance. Actinobacteria have strong decomposition abilities 358 

for recalcitrant organic components in soil, such as chitin and cellulose, facilitating soil 359 

carbon cycling (Eilers et al., 2010). Additionally, their spore production endows them 360 

with robust metabolic capabilities in low-temperature environments (Yergeau et al., 361 

2010), making Actinobacteria a dominant microbial community in the alpine meadow 362 

soil. After excrement supplementation, the relative abundance of K-strategists such as 363 

Acidobacteria and Gemmatimonadota decreased. Therefore, the increase in easily 364 

utilizable carbon sources led to an increase in r-strategist abundance and a decrease in 365 

K-strategist abundance. In degraded grasslands, however, nutrient depletion in plant 366 

roots reduced the availability of easily utilizable carbon sources, resulting in a decrease 367 

in r-strategist abundance and an increase in K-strategist abundance.  368 

In this study, after excrement supplementation, the relative abundance of 369 

Ascomycota increased, while the relative abundance of Basidiomycota decreased in the 370 

alpine meadow soil suffering varying degrees of degradation. As the degree of 371 

https://doi.org/10.5194/egusphere-2025-4985
Preprint. Discussion started: 27 January 2026
c© Author(s) 2026. CC BY 4.0 License.



14 

degradation intensified, the relative abundance of Ascomycota in the soil also 372 

increased, whereas the relative abundance of Basidiomycota decreased (Fig. 4). In the 373 

literature (Kabuyah et al., 2012), both Ascomycota and Basidiomycota typically 374 

dominate soils rich in lignin and cellulose due to their effective decomposition of these 375 

recalcitrant components in vegetation residues. In particular, Ascomycota is able to 376 

grow in arid and nutrient-poor environments, and is often a key fungal decomposer in 377 

livestock excrement and agricultural waste compost (Chen et al., 2017; Duan et al., 378 

2019; Yu et al., 2015), which may explain its increased abundance after excrement 379 

addition. Basidiomycota is considered a K-strategist (Bastian et al., 2009; Yelle et al., 380 

2008), and often constitutes a major component of the fungal community in alpine 381 

meadow soil due to its high lignin content (van der Wal et al., 2006). Basidiomycota 382 

tends to dominate nutrient-rich ecosystems (Sterkenburg et al., 2015). Therefore, as the 383 

meadow degrades and soil and plant organic carbon dwindle, the abundance of 384 

Basidiomycota declines, in contrast to the more resilient Ascomycota that rises.  385 

4.2 Mechanisms of microbial communities influencing soil priming effects 386 

The excrement supplement increased the complexity and stability of the microbial 387 

symbiotic network in the degraded alpine meadow soil. Non-degraded alpine meadow 388 

soil exhibited a more complex and stable microbial symbiotic network than severely 389 

degraded alpine meadow soil (Figs. 5 and 6), characterized by an increase in the number 390 

of edges and average degree (Banerjee et al., 2019). They represent microbial 391 

interactions, which are crucial for the stability and resilience of microbial communities 392 

(Olesen et al., 2007; Shi et al., 2016). This may be attributed to the increased organic 393 

matter content in the soil following excrement addition, which promotes microbial 394 

metabolism (Hu et al., 2017). However, in severely degraded soil, the soil microbial 395 

symbiotic network was very simple, which may explain why vegetation restoration is 396 

difficult to suceed in severely degraded "Black Soil Beach" despite the presence of large 397 

amounts of pika excrement.  398 

SEM revealed complex interactions among stoichiometric ratios, key microbial 399 

phylum, and SOC PEs (Fig. 7). Previous studies have shown that the microbial 400 
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mechanisms of PEs include "cometabolism," "N-mining," and "stoichiometric 401 

decomposition" (Blagodatskaya and Kuzyakov, 2008; Chen et al., 2014; Craine et al., 402 

2007; Fang et al., 2018; Hessen et al., 2004). In this study, the excrement supplements 403 

were the main influencer of soil PEs in the alpine meadows degraded to various degrees 404 

(r = -0.94) (Fig. 7). The microbial community activities associated with different 405 

stoichiometries in the excrements were consistent across the alpine meadows regardless 406 

of their degree of degradation. The degree of degradation affected only key microbial 407 

phylum such as Actinobacteriota (r = 0.70), Proteobacteria (r = -0.52), and C:N ratio(r 408 

= -0.26), indirectly influencing PEs. 409 

Based on the analysis of soil symbiotic networks, the key phylum were identified 410 

at different phylum levels. These key microorganisms, including Actinobacteriota (r = 411 

0.21), Proteobacteria (r = 0.29), and Chloroflexi (r = 0.22), directly and positively 412 

influenced PEs. Actinobacteria participate in nitrogen and organic matter 413 

decomposition and cycling processes (Sunagawa et al., 2015), which aligns with our 414 

findings. The soil NO3
--N:NH4

+-N ratio negatively affected the key microbial phylum 415 

Actinobacteriota (r = -0.18), thereby influencing soil PE. Proteobacteria promote the 416 

dissolution of organophosphates and soil nitrogen fixation (Pascault et al., 2013), which 417 

is consistent with our results. Soil C:N ratio positively influenced the key microbial 418 

phylum Proteobacteria (r = 0.39), thereby affecting PEs. Chloroflexi can survive in 419 

extreme environments, performs anaerobic photosynthesis (Zeng et al., 2021; Zeng et 420 

al., 2015), possesses carbon fixation capabilities (Vavourakis et al., 2019; Zorz et al., 421 

2019), and can reduce N2O in the nitrogen cycle (Park et al., 2017).  422 

Previously, this paper has demonstrated that the supplementation of both Tibetan 423 

sheep excrement and plateau pika excrement elevated the relative abundance of crucial 424 

soil microorganisms and bolstered microbial community stability. Consequently, the 425 

added excrements modulated PEs through alterations in the composition of key 426 

microbial communities. This research further reveals that, in contrast to plateau pika 427 

excrement, Tibetan sheep excrement boasted carbon stability more and a lower carbon-428 

to-nitrogen ratio (C:N ratio). Based on the N mining hypothesis, the lower C:N ratio of 429 

Tibetan sheep excrement may induce a comparatively lower positive PE for soil organic 430 
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carbon accumulation (Jones et al., 2011; Kuzyakov and Bol, 2006). This attribute favors 431 

soil carbon sequestration, implying that Tibetan sheep excrement addition may offer 432 

superior benefits than plateau pika excrement in restoring degraded meadows in the 433 

context of soil remediation and enhancement. 434 

5. Conclusions 435 

Compared to non-degraded alpine meadow soils, the MBC:MBN ratio in severely 436 

degraded meadow soils exhibited a significant increase, accompanied by a notable 437 

decrease in bacterial α-diversity and pronounced changes in bacterial composition and 438 

β-diversity, the microbial symbiotic network in these degraded soils was simpler and 439 

less stable. Although the addition of excrements enhanced the soil organic carbon 440 

accumulation and improved the complexity and stability of the soil microbial symbiotic 441 

network, the microbial community in severely degraded soils remained unstable. 442 

Simultaneously, degradation of alpine meadows impacts key microbial phylum such as 443 

Actinobacteriota and Proteobacteria in the soil, which directly affects soil PEs. As a 444 

result, severely degraded soils were more susceptible to PEs than non-degraded soils. 445 

Of all the factors influencing soil PEs, key microbial phylum like Actinobacteriota, 446 

Proteobacteria, and Chloroflexi have a direct positive impact. Soil stoichiometric ratios 447 

(C:N ratio, NO3
--N:NH4

+-N ratio) indirectly influence soil PEs by affecting these key 448 

microbial phylum. Therefore, in lightly and moderately degraded alpine meadow soils, 449 

the addition of both types of excrement is beneficial for soil restoration, with Tibetan 450 

sheep excrement showing superior effects to plateau pika excrement. These findings 451 

inform targeted grassland management strategies for the Qinghai-Tibetan Plateau: 452 

limiting livestock grazing and plateau pika activity in severely degraded zones reduces 453 

carbon loss by minimizing priming effects; optimizing soil C:N ratios through organic 454 

amendments suppresses PE-enhancing microbes like Actinobacteriota; and prioritizing 455 

conservation of intact meadows enhances regional carbon sequestration potential. 456 

Collectively, these practices support sustainable alpine ecosystem restoration and 457 

carbon stewardship. 458 
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 738 

Figure 1 Cumulative priming effects of soils from degraded alpine meadows at four levels 739 

during a 45-day incubation after the addition of Tibetan sheep excrement (a) and plateau pika 740 

excrement (b). The standard errors of the means are shown (n = 3). N, non-degraded; L, lightly 741 

degraded; M, moderately degraded; S, severely degraded, the same below.742 
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 743 

Figure 2 C:N ratio (a), NO3
--N:NH4

+-N ratio (b), and MBC:MBN ratio (c) in soils from alpine 744 

meadows with varying degrees of degradation without addition (CK) and with the addition of 745 

two types of excrement. T, Tibetan sheep excrement; P, plateau pika excrement. Lowercase 746 

letters indicate significant differences between different excrements (P < 0.05), while uppercase 747 

letters indicate significant differences between meadow soils with different degrees of 748 

degradation (P < 0.05). The same below.749 
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 750 

Figure 3 Alpha diversity (including Chao1 index and Shannon index) of soil bacteria (a, b) and 751 

fungi (e, d) in different degradation degrees without addition (CK) and the addition of two types 752 

of excrement. 753 
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 754 

Figure 4 β diversity of soil bacteria (a) and fungi (b) in alpine meadows with different 755 

degradation degrees without addition and the addition of two types of excrement. 756 

 757 

Figure 5Taxonomic composition of soil bacteria (a) and fungi (b) in soils with different 758 

degradation degrees after the addition of two types of excrement. 759 
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 760 

Figure 6 Co-occurrence networks and ZiPi plots of soil bacterial (a-c, g-i) and fungal (d-f, j-l) 761 

communities without addition (CK) and with the addition of two types of excrement (CK, a, 762 

d, g, j; Tibetan sheep excrement, b, e, h, k; Plateau pika excrement, c, f, i, l). Different colors 763 

represent different modules (a-f), and different phyla (g-l). 764 
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 765 

Figure 7 Co-occurrence networks and ZiPi plots of soil bacterial (a-d, i-l) and fungal (e-h, m-766 

p) communities in non-degraded (a, e, i, m), lightly degraded (b, f, j, n), moderately degraded 767 

(c, g, k, o), and severely degraded alpine meadows (d, h, l, p). Different colors represent 768 

different phyla. 769 
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 770 

Figure 8 Structural Equation Model (a) depicting the relationships among soil stoichiometric ratios, key 771 

microbial species, and soil organic carbon priming effects after the addition of two types of excrement 772 

(CMIN/df = 1.019 (P=0.422); RMSEA = 0.023; CFI = 0.999; GFI = 0.945; NFI = 0.975), along with the 773 

direct and indirect effects (b). In Fig. a, red indicates negative effects, blue indicates positive effects, * 774 

represents P < 0.05, ** represents P < 0.01, and *** represents P < 0.001. 775 

Table 1 776 

Physicochemical properties of the collected excrements and soil samples. 777 

 
SOC 

(g·kg-1) 

TN 

(g·kg-1) 

C:N 

ratio 

NO3
--N 

(mg·kg-1) 

NH4
+-N 

(mg·kg-1) 

NO3
--N: 

NH4
+-N 

ratio 

T 336.42±3.29 13.03±0.24 25.84±0.42 85.03±30.23 85.6±0.61 0.99±0.35 
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Values are expressed as mean ± standard error (n = 3). T, Tibetan sheep excrements, P, plateau pika 778 

excrements, N, non-degraded, L, lightly degraded, M, moderately degraded, S, severely degraded, 779 

SOC, soil organic carbon, TN, total nitrogen, NO3
--N, nitrate nitrogen, NH4

+-N, ammonium 780 

nitrogen, the same below.781 

P 285.24±13.01 44.11±0.36 6.47±0.3 517.99±14.38 5.46±0.72 97.6±9.91 

N 83.53±1.17 3.22±0.09 25.99±0.42 40.99±0.56 3.2±0.15 12.88±0.66 

L 66.44±0.95 2.63±0.04 25.23±0.63 34.94±0.55 3.15±0.03 11.11±0.24 

M 70.26±0.53 2.98±0.01 23.53±0.12 45.01±0.22 3.12±0.08 14.44±0.32 

S 80.22±0.89 3.27±0.05 24.57±0.42 58.21±1.33 3.33±0.14 17.52±0.63 
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Table 2 782 

Topological parameters of soil bacterial and fungal co-occurrence networks without addition (CK) 783 

and with the addition of two types of excrement. 784 

 Bacteria Fungi 

 CK T P CK T P 

Number of nodes 91.00 92.00 98.00 64.00 77.00 75.00 

Number of edges 1024.00 697.00 946.00 169.00 248.00 394.00 

Average degree 22.51 15.15 19.11 5.28 6.44 10.51 

Network diameter 5.00 6.00 5.00 11.00 12.00 9.00 

Graph density 0.25 0.17 0.20 0.08 0.09 0.14 

Modularity 0.36 0.47 0.36 0.56 0.57 0.33 

Average clustering coefficient 0.65 0.64 0.66 0.56 0.63 0.67 

Edges(+)/Total edges 0.62 0.90 0.93 0.89 0.99 0.98 

785 
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Table 3 786 

Topological parameters of symbiotic network of soil bacteria and fungi in alpine meadows degraded 787 

to different degrees. 788 

 Bacteria Fungi 

 N L M S N L M S 

Number of nodes 97.00 91.00 96.00 97.00 14.00 15.00 17.00 17.00 

Number of edges 4108.00 4095.00 4281.00 3581.00 37.00 39.00 51.00 61.00 

Average degree 84.70 90.00 89.60 73.84 5.29 5.20 6.71 7.18 

Network diameter 2.00 1.00 1.00 2.00 3.00 3.00 3.00 3.00 

Graph density 0.82 1.00 0.94 0.77 0.41 0.37 0.42 0.45 

Modularity 0.01 0.02 0.00 0.01 0.12 0.13 0.19 0.15 

Average clustering 

coefficient 
0.99 1.00 1.00 0.99 0.56 0.70 0.47 0.68 

Edges(+)/Total 

edges 
0.96 0.74 1.00 0.93 0.59 0.69 0.53 0.49 

 789 
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