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Ecological security barriers on the Tibetan Plateau are threatened by climate change and human activities, such as grassland degradation and reduction of carbon fixation capacity. Understanding the influence of grazing on soil organic carbon (SOC) content and its regulating factors is important for improving the ecological barrier function of alpine grasslands. In this meta-analysis, we analysed the effects of grazing on SOC. The results indicate that grazing disturbance significantly reduced the SOC content by 13.93%, with an effect size of −0.15 ± 0.04 (p < 0.001). The effect of light grazing was not significant. The reduction range gradually increased with increasing grazing intensity. The effect of grazing activity on SOC content was driven mainly by pH and total nitrogen through a structural equation model. Future nitrogen deposition scenarios would significantly increase alpine meadow SOC on the Tibetan Plateau.
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INTRODUCTION
The Tibetan Plateau is an important ecological security barrier in China, and is particularly susceptible to climate change (Mipam et al., 2016). Alpine meadows, a representative vegetation type of the region, cover over 60% of the Tibetan Plateau (Tang et al., 2019). Overgrazing has resulted in the degradation of over 80% of the grassland on the Tibetan Plateau and significantly decreased alpine meadow soil organic carbon (SOC) (Fu et al., 2021). Therefore, the ecosystem is fragile and faces uncertainty owing to environmental change against the backdrop of global warming.
Grazing intensity affects grassland ecosystem stability and livestock productivity, and is critical for grazing management (Mipam et al., 2016; Yang et al., 2020). Actual livestock carrying capacity is approximately 1.6 times the theoretical capacity, and 80.93% of counties have overloaded grazing on the Tibetan Plateau (Fu et al., 2021). Soil organic matter is the dominant source of grassland nutrients; 95% and 50% of soil total nitrogen and phosphorus, respectively, is derived from organic matter mineralisation (Yang et al., 2020). The disappearance of high-quality pastures is mainly caused by the depletion of soil nutrients due to overgrazing (Gebregergs et al., 2019; Li et al., 2022). Grazing affects photosynthesis by removing the aboveground parts of the pasture, thus affecting the input of pasture to SOC (Du et al., 2019a). Grazing also affects the composition of soil organic matter and available nitrogen through trampling and excretion (Gebregergs et al., 2019). Light grazing contributes to SOC accumulation, and can increase SOC by 0.78%; however, it can also moderately and severely reduce grasslands by 3.45% and 9.91%, respectively (Zhou et al., 2017). The average SOC content has been reported to be 3.4% and 2.4% in non-degraded and degraded grasslands on the eastern Tibetan Plateau, respectively (Du et al., 2019b). However, some studies have indicated that moderate grazing increased the SOC content in the Zoige marsh wetlands (Li et al., 2020).
Light and moderate grazing has been reported to increase grassland biomass and species diversity and promote the overcompensated growth of plant communities (Huidan et al., 2017). Moderate grazing is the best management method for alpine grassland growth (Du et al., 2020). Heavy grazing significantly accelerates the turnover of carbon and nitrogen in marsh meadow soil, increasing soil nutrient output and grassland degradation (Zhou et al., 2019). The decrease in total porosity, increase in soil bulk density and seepage resistance, and soil loss due to wind and water erosion have reduced the SOC pool in overgrazed grasslands (Liang et al., 2017). Heavy grazing damages the surface vegetation of alpine meadows, significantly reducing the soil carbon pool function and rainfall interception capacity (Yan et al., 2016; Dai et al., 2021). In the last 50 years, temperature and precipitation have increased by 0.3°C–0.4°C and 2.2%, respectively, every 10 years (Fu et al., 2021). The biomass of degraded alpine grasslands and the input of SOC have increased with the warming and humidifying climate (Chen et al., 2013). Heavy grazing increases grassland evapotranspiration and reduces water efficiency and SOC content (Huidan et al., 2017). Moreover, SOC content has increased perhaps with the increase of precipitation and the decrease of temperature (Zhou et al., 2019).
Previous studies have focused on the response of SOC to grazing intensity in the north-eastern and southwestern parts of the Tibetan Plateau. However, there is a lack of systematic quantitative analyses of the response characteristics of SOC in the Tibetan Plateau. The main regulatory factors of alpine meadow ecosystem SOC to grazing disturbance are also unclear. In this study, we holistically analyzed the effect of different grazing intensities on SOC content and driving factors on the Tibetan Plateau through meta-analysis and structural equation model. We hypothesized grazing decreased grassland SOC because reduction of plant carbon input into soils. Furthermore, SOC would decrease with grazing intensity increasing. This study aims to provide a scientific basis for exploring grassland grazing management systems.
MATERIAL AND METHODS
Data compilation
We collected published papers using the keywords “grazing,” “soil organic carbon” or “SOC,” and “Tibet*” to search the Web of Science and Chinese articles database (China National knowledge Internet, https://www.cnki.net/) from January 1990, to November 2022. One hundred and eighty articles were selected and saved in the Endnote library (Endnote X9). Full-version papers were automatically added by the “find full text” function and Google Scholar.
We then screened the full articles to ensure that all the following criteria were met: 1) SOC was analysed; and 2) control and grazing activities (light, moderate, and heavy grazing) were included. All used data were collected from published article including different grazing intensities. Thus, light, moderate and heavy and control grasslands were comparable in one group. Some data were extracted using WebPlotDigitizer software (Burda et al., 2017). We collected 66 groups of field experimental results (Figure 1) and recorded soil and plant characteristics and climatic factors. If the standard error was missing, 1/10 of the average value was used as the default value (Burda et al., 2017).
[image: Figure 1]FIGURE 1 | Main vegetation types distribution and 66 research sites on the Tibetan Plateau.
Log response ratios were calculated as a measure of the effect size. A 95% confidence interval (95% CI) was calculated. A random-effect-model meta-analysis was performed and the data were analysed using R statistical software.
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where Xe and Xc are the mean values of SOC in the grazing and control groups, respectively.
The variance of lnR was calculated as follows:
[image: image]
where Se, Ne, xe, Sc, Nc and xc represent the standard deviations, sample sizes, and mean values of SOC in the grazed grasslands and controls, respectively.
The effect size of grazing activity on SOC and confidence interval based on the random effect model were calculated as follows:
[image: image]
Where vi and [image: image] represent the intra- and inter-study variance of SOC in grazed grasslands.
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95% confidence interval of effect size: CI = [image: image] ± 1.96 SE, yi was the single study effect size value.
Statistical analysis
Meta-statistical analyses were performed using R 3.6.2, and we ran a random-effect model of meta-analysis in metafor1.9-8 (Benítez-López et al., 2017). Random effects models were used to analyse the estimated values and standard errors (rma). The effect of climatic factors and soil characteristics on effect sizes of SOC were analysed using the structural equation model and the “piecewise SEM” package. There are likely biases due to the selection of negative results. In our study, the regression test for funnel plot asymmetry of publication bias was analysed using a mixed-effects meta-regression model (funnel and Egger’s test, rma in R 3.6.2).
Publication bias analysis of effect sizes on grassland SOC content
Meta-analysis data were obtained from published academic papers and a quantitative evaluation of the effect size. The bias in the evaluation results was perhaps affected by the selection of the papers. The symmetry test of the funnel plot of grassland SOC content affected by grazing disturbance showed that the p-value of 0.990 was much greater than the significance test level of 0.05 (Figures 2, 3). The standard error showed a symmetrical distribution, which indicated that the funnel plot of the data extracted was symmetrical, thus confirming that this study had no preference for paper publishing, and that the results had full credibility.
[image: Figure 2]FIGURE 2 | Funnel plot of effect sizes of grazing on grassland SOC contents. Note: Egger’s regression test for funnel plot asymmetry (z = −0.012, p = 0.990).
[image: Figure 3]FIGURE 3 | Effect size of grazing disturbance on alpine meadows SOC on the Tibetan Plateau. Note: GD, LG, MG and HG meant grazing disturbance, light grazing, moderate and heavy grazing. Different letters meant there was significant difference among three grazing intensities. Values of P indicated that there was significant difference on effect sizes of grazed grassland SOC contents.
RESULTS
Effect size of grazing on SOC across the Tibetan Plateau
Grazing disturbance significantly reduced the SOC content in alpine grasslands on the Tibetan Plateau, with an effect size of −0.15 ± 0.04 (95% confidence interval: 0.23 to −0.06) and a decrease range of 13.93% (p < 0.001, Figure 2). The SOC content ranged from 0.40% to 23.72%, with an average of 5.84% ± 0.56% in grazed grasslands across the Tibetan Plateau.
Effect sizes of different grazing intensities on SOC across the Tibetan Plateau
The effect size of SOC content decreased with increasing grazing intensity (light, moderate, and heavy), with reductions of 12.19%, 13.06%, and 15.63%, respectively (Figure 2). The effect size of heavy grazing was approximately −0.17 ± 0.08 (95% confidence interval: −0.33 to −0.01).
The effect size of heavy grazing was significantly higher than that of light or moderate grazing (p < 0.05). The effect size of light grazing on SOC content was not statistically significant; thus, a light grazing system is preferrable to reduce the impact of grazing on SOC content.
Factors driving SOC content in grazed alpine meadows based on a structural equation model
According to a structural equation model, the effect of grazing activity on SOC content was mainly controlled by pH and total nitrogen (TN), with direct coefficients of −0.523 and 0.431, respectively (p < 0.05, Figure 4). The direct coefficients of temperature and precipitation on the effect sizes were 0.579 and −0.456, respectively. Total nutrient content was directly affected by SOC content, with a direct coefficient of 0.688 (p < 0.01). The driving factors of grassland pH were SOC and air temperature, with coefficients of −0.641 (p < 0.01) and −0.348 (p < 0.05), respectively.
[image: Figure 4]FIGURE 4 | Driven factors of grazed grasslands SOC on the Tibetan Plateau by structural equation model. Note: pH, Tem, SOC, TN, and Lat were pH value, air temperature, soil organic carbon, total nitrogen, and latitude. Solid and dotted lines indicated significant and insignificant effect, separately.
DISCUSSION
Degradation of grassland ecosystems in the Tibetan Plateau is severe and is mainly concentrated in the northwest (Li et al., 2022; Shen et al., 2022). Alpine meadows are rich in total nutrients, but lack available nutrients (Du et al., 2019a). Increasing grazing intensity has hindered the reproduction of grasses, which have gradually degenerated (Fu et al., 2015; Du et al., 2019b). Kobresia humilis and Kobresia pygmaea have gradually become the dominant plant populations as they are tolerant to grazing and trampling (Dorji et al., 2016). The intensive degradation of alpine meadows has reduced nutrient uptake and soil carbon and nitrogen storage in recent decades (Du et al., 2019a).
SOC is strongly associated with soil fertility and has an important impact on the global carbon cycle, both as a carbon source and carbon sink (Shen et al., 2022). In this study, we revealed that grazing disturbance significantly reduced SOC content by approximately 13.93% in alpine meadows on the Tibetan Plateau. Similar studies have found that the SOC content in continuously grazed grasslands was significantly lower than that in non-grazed grasslands (approximately 10.41% and 41.69%, respectively) (Li et al., 2014). The SOC content decreased by 15% and 41%, mainly because of the significant reduction in soil water content due to increased grazing, which altered plant functional groups and soil microorganisms and reduced carbon input on the south-eastern Tibetan Plateau (Dong et al., 2021). SOC content of heavily grazed grassland decreased by 45.75%, and the lack of nitrogen supply may be the main reason for the decline in grassland SOC fixation capacity (Zhan et al., 2020). Furthermore, the SOC content of grasslands with moderate and heavy grazing decreased significantly in the central Tibetan Plateau, from 2.79% to 1.02% and 1.39%, respectively (Wang, 2019). Grazing significantly reduced the SOC content and carbon storage of alpine meadows, which were mainly affected by soil bulk density in the Qinghai Province (Du et al., 2019b). Our study indicated that light grazing also reduced SOC content, but the result was not statistically significant; both moderate and heavy grazing significantly decreased SOC. Light grazing management systems should be adopted on the Tibetan Plateau based on the management of grassland soil carbon storage.
Root exudates are predicted to significantly alter the microbial community by affecting pH values (Xia et al., 2015). Soil pH is the strongest factor contributing to soil microbial community differences (Xiao et al., 2017; Liang et al., 2019). SOC content was also reported to show a significant negative correlation with grassland pH (Li et al., 2014). The soil pH of light, moderate, and heavily grazed grassland was 7.5, 7.7, and 7.9, respectively, while SOC decreased from 6.87% to 6.37% and 4.16%, respectively, on the Tibetan Plateau (Du et al., 2020). We also found that the SOC of grazed grasslands was negatively influenced by pH across the Tibetan Plateau. In this study, the pH was approximately 6.93 ± 1.56, ranging from 4.32 to 9.65 on the Tibetan Plateau. Future soil acidification could improve grassland SOC content.
Nitrogen is a basic nutrient for all organisms and is a key limiting factor for grassland plant growth (Kim et al., 2012; Kanter et al., 2016). In this study, a structural equation model revealed that the effect of grazing on SOC content was positively controlled by total nitrogen content. Similar studies have reported that heavy grazing significantly reduces the soil total nitrogen content of alpine meadows on the Tibetan Plateau (Du et al., 2020; Dai et al., 2021). The total nitrogen content of soil in alpine meadow grasslands with light and moderate grazing were 0.83% and 0.44%, respectively (Du et al., 2019a). Heavy grazing reduces soil total nitrogen content (by approximately 36.83%) and nitrogen storage in alpine grasslands at the source of the Three Rivers on the Tibetan Plateau (Fan et al., 2012). Altering the ratio of soil carbon to nitrogen may reduce the SOC content because the soil ecosystem maintains the stability of carbon and nitrogen chemical reserves (Fan et al., 2008; Gebregergs et al., 2019). Furthermore, enhanced nitrogen deposition is expected to occur in the next few decades owing to increased human activity, and grazing excreta are hotspots of nitrogen transformation (Liu et al., 2013; Du et al., 2021). The SOC content of alpine meadows will significantly increase in future scenarios of increasing nitrogen deposition.
CONCLUSION
In conclusion, strong heterogeneity of SOC content was observed in alpine meadows of the Tibetan Plateau. Grazing disturbance significantly reduced SOC content in alpine grasslands, especially at moderate and heavy grazing intensities. Light grazing did not not significantly reduce SOC, and we recommend using light grazing management practices to reduce SOC loss. The results of the structural equation model revealed that SOC was mainly affected by pH and TN. Future increases in nitrogen deposition would aid in improving grassland SOC content on the Tibetan Plateau.
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