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The Qinghai–Tibet Plateau is a region with rich biodiversity and fragile ecosystems, and its plant species diversity is greatly affected by grazing activities. In this study, we aimed to explore the impact of grazing on the diversity of different plant communities on the Qinghai–Tibet Plateau. To this end, we collected grazing and vegetation data for the period of 1982–2015; calculated the grazing, Shannon–Wiener diversity, inverse Simpson’s, and Pielou’s evenness indices along with species richness; and conducted correlation and regression analyses. The results show that the grazing index was positively correlated with the richness of grassland plant communities, and in particular, there were significant relationships between the variance and maximum value of the grazing data and plant species richness. However, no significant correlations were found between the grazing index and diversity indices in shrub land and desert plant communities. Moderate grazing promotes the renewal and growth of grassland vegetation and increases plant species diversity. Therefore, grazing management plans should be developed based on specific ecological environments to achieve sustainable ecosystem development and to protect species diversity.
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1 INTRODUCTION
The Qinghai–Tibet Plateau is the highest and largest plateau on Earth and is a key ecological functional area for water conservation, windbreaks, and sand fixation in Asia (Sun et al., 2012; Wang et al., 2022). It is also an important ecological security barrier in China, with rich ecosystems and unique biodiversity (Li et al., 2024). Biodiversity is crucial for maintaining ecosystem stability and plays an important role in water-source protection, climate regulation, and soil conservation (Li et al., 2022; Lee et al., 2015; Sun et al., 2023). The biodiversity of the Qinghai–Tibet Plateau also has a profound impact on the lives and cultures of local residents, especially pastoral communities that rely on natural resources as an indispensable foundation for their livelihood (Zhou et al., 2019). With the increase in human activities, especially overgrazing and infrastructure construction, the ecological environment of the Qinghai–Tibet Plateau is facing unprecedented pressure (Yang et al., 2024). Therefore, protecting the biodiversity of the Qinghai–Tibet Plateau is of great importance for maintaining regional ecological security and promoting sustainable development. Additional research is required to identify effective protective measures to preserve the biodiversity of the Qinghai–Tibet Plateau.
The high elevation and extreme climate of the Qinghai–Tibet Plateau region limit the growth and reproduction of many plant species, increasing their vulnerability and influencing plant species diversity (Mu et al., 2021; Chen et al., 2021; Bhattarai et al., 2021). Additionally, the intensification of climate change and human activity in this region has increased the survival pressure on plant species (Tilman and Lehman, 2001). With increases in temperature and changes in precipitation patterns caused by global warming, many plant species may experience habitat loss and display inadequate adaptability (Theodoridis et al., 2024). This lack of adaptability hinders the ability of plant species to cope effectively with rapidly changing environments, thereby increasing their risk of extinction (Losapio and Schöb, 2017). Temperature changes have led to an increase in forest and shrub land areas and a decrease in alpine meadows on the Qinghai–Tibet Plateau, whereas the intensification of drought has resulted in vegetation degradation in some areas of the southern Qinghai–Tibet Plateau (Gao et al., 2016; Wang et al., 2021). Protecting the plant species diversity of the Qinghai–Tibet Plateau is not only an urgent need for ecological protection but also an important measure to mitigate the impacts of climate change and maintain the ecological balance (Wang et al., 2022).
Animal husbandry is a crucial part of the Qinghai–Tibet Plateau economy, and grasslands are the main locations where local herders engage in grazing activities. Grazing is a traditional agricultural activity that has potential impacts on biodiversity. Moderate grazing can promote the growth and renewal of grasslands (Luo et al., 2012; Zhang et al., 2018); however, a large number of livestock foraging and trampling on grasslands can damage vegetation and lead to soil erosion, which in turn affects biodiversity (Wang Q. X. et al., 2023; Barros and Pickering, 2014). In particular, concentrated grazing may lead to the excessive consumption of vegetation or overgrazing (Hao et al., 2018). With an increase in grazing intensity, the diversity and richness of herbaceous plants, shrubs, and other plant communities on the Qinghai–Tibet Plateau markedly increased and then decreased (Wang et al., 2022). Studies have also reported that high-intensity grazing reduced plant diversity on the Qinghai–Tibet Plateau, whereas both non-grazing and low-intensity grazing alleviated plant biomass loss (Wang Q. X. et al., 2023). Furthermore, community resistance was optimal under low-intensity grazing conditions (Wang Q. X. et al., 2023). However, livestock manure and urine add nutrients and organic matter to the soil, affecting nutrient cycling and organic matter decomposition, thereby influencing the accumulation and distribution of soil organic carbon (Du et al., 2022). Grazing also affects the soil biota and functions, which are important components of material cycling and energy flow in underground ecosystems (Zhou et al., 2023). Thus, rational grazing can help maintain plant diversity and enhance ecosystem productivity and stability, whereas overgrazing can lead to the degradation of grassland vegetation, thereby reducing the richness and diversity of plant species, which in turn affects the quality of animal habitats and ultimately causes ecosystem imbalances (Li et al., 2023; Hao et al., 2018). With human population growth and economic development, the scale and intensity of grazing activities have gradually increased, and grazing has become a major contributing factor to grassland degradation on the Qinghai–Tibet Plateau in recent years (Fayiah et al., 2020). Therefore, grazing management is crucial for protecting plants and animals, and the adoption of effective grazing management strategies can effectively maintain ecosystem health (Zhao et al., 2022).
With the intensification of global climate change and human activity, the stability of ecosystems and biodiversity is facing unprecedented challenges (Liu et al., 2024). The Qinghai–Tibet Plateau is a unique and fragile ecosystem, and changes in its biodiversity are influenced by various factors, with grazing activities playing a dominant role. Although previous studies have explored the impacts of different degrees of grazing on grassland ecosystems, the specific mechanisms of and differences in the effect of grazing on different vegetation types remain unclear. Therefore, in this study, we aimed to explore: (1) the effects of grazing on the species diversity of plant communities on the Qinghai–Tibet Plateau and (2) the differences in this effect among different plant communities. The results of this study provide a scientific basis for the ecological protection and sustainable management of the Qinghai–Tibet Plateau.
2 MATERIALS AND METHODS
2.1 Vegetation data
The plant-plot data used in this study were extracted from datasets published by Wang Q. et al. (2023) and Jin et al. (2022). The datasets include quadrat sampling data from 455 herb quadrats in the Huangshui River Basin, Qinghai Province, including Haiyan County in Haibei Tibetan Autonomous Prefecture; the main urban area of Xining City, Huangyuan County, Huangzhong District; and Datong Hui and Tu Autonomous County, as well as Ledu District, Ping’an District, Minhe Hui and Tu Autonomous County, Huzhu Tu Autonomous County, and Hehuang New District in Haidong City. The quadrats of grassland communities are dominated by plant species belonging to Leguminosae, Rosaceae, Ranunculaceaem Cyperaceae and Poaceae. Shrub species are included, but their abundances are low, and individual sizes are small in the herb quadrats (Wang Q. et al., 2023; Supplementary Figure S1). In shrub plots, the abundances of shrub species were relatively low due to grazing effects and human disturbance. The plots of shrubland communities are dominated by shrub species belonging to Dasiphora.
The sampling locations of the plot-based dataset of plant communities on the Qinghai–Tibet Plateau included the Three River source region, southern Tibetan mountains, Ali region, and Qaidam Basin, as well as high mountains, oases, and desert areas, such as the Qilian, Altun, and Kunlun mountains. These two datasets report detailed information on the species present in the survey plots, including species name, number of plants, and coverage of each species. Additionally, the datasets report information on each plot, such as the plot number, longitude, latitude, elevation, degree of human interference, and total coverage of the plot.
These two datasets contain 1,213 sample plots, and we merged the data into one table. After removing forest sample plots based on vegetation type data, 880 sample plots remained. Each plot retained the plot number, plant name, coverage, and vegetation type information. The study area encompasses three principal vegetation types: grassland, shrubland, and desert. Sampling protocols employed vegetation-specific plot dimensions: grassland quadrats were established at 0.5 m × 0.5 m or 1 m × 1 m scales, while shrubland communities were surveyed using nested plots of 2 m × 2 m, 5 m × 5 m, and 10 m × 10 m. The maps of shrub species richness, individual and relative abundance of plant communities were shown on Supplementary Figure S1, showing that shrub species were distributed in many plots of our study. It is certainly determined to identify grassland, shrubland, and desert based on vegetation classification ranges. Vegetation classification for Qinghai-Tibet Plateau plant communities was predominantly guided by the phytosociological framework delineated in the Revised Scheme of the Vegetation Classification System of China (Guo et al., 2020), with additional reference to biogeographic zonation descriptors in the Vegetation and Its Geographical Pattern in China: Specifications for the Vegetation Map of the People’s Republic of China (1:1,000,000) (Editorial Committee of Vegetation Map of China, the Chinese Academy of Sciences, 2007).
2.2 Grazing data
Grazing data were obtained from a dataset published by Meng et al. (2023). This dataset was constructed using a methodological framework that combined the cross-scale feature extraction method and a random forest model to produce a high-resolution gridded grazing dataset for the Qinghai–Tibet Plateau from 1982 to 2015. This framework included the following steps: identifying features that affect grazing, extracting theoretically suitable grazing areas, building a grazing spatialization model, and correcting the grazing spatialization dataset. When building the grazing spatialization model, combining a random forest model with partition and cross-scale features increased the model accuracy by 35.59% compared to that of traditional random forest models. Furthermore, Meng et al. (2023) compared this dataset with three other datasets (the actual livestock carrying capacity dataset, Gridded Livestock of the World 2.01, and Gridded Livestock of the World 3) and concluded that its time resolution was higher, making it more suitable for long-term research. Hence, we selected grazing data from Meng et al. (2023) for analysis. All grazing data is presented as sheep units/pixel/year, which was calculated based on the number of livestock (e.g., cattle, sheep, and horses), according to national standards. Livestock had strong accessibility to the study plots under grazing pressure. The sample plots were overlaid with the grazing data pixels.
2.3 Data analysis
We used ArcGIS 10.7 to extract grazing grid data from 1982 to 2015 and obtained the grazing status of each plot in each year through multi-value point extraction. We calculated the Shannon–Wiener diversity, inverse Simpson’s diversity, and Pielou’s evenness indices, along with species richness, for 880 plots; merged these indices with the grazing data; and removed invalid data. There were no correlations between diversity indices and plot size, which did not affect our results (P > 0.1). We used R 4.4.1 for data analysis and visualization and employed a generalized linear model to evaluate the differences in the impact of the grazing index on diversity among different vegetation types. We employed an analysis of variance (ANOVA) model to identify significant interactions and perform multiple comparisons of significant combinations, grouping them by vegetation type to establish a linear regression model.
3 RESULTS
3.1 Relationships between grazing index and plant diversity indices
In grassland plant communities, the variance (SD) of the grazing data from 1981 to 2015 was directly proportional to plant species richness, and the fitting formula was: richness = 7.6860785 + 0.0012608 × SD (P < 0.1, R2 > 0.1; Figure 1). The maximum value (Max) of the grazing index was directly proportional to plant species richness, and the fitting formula was: richness = 8.0253677 + 0.0001065 × Max (P < 0.1, R2 > 0.1; Figure 1). There were no significant correlations between other grazing data and the grassland plant community diversity indices (P < 0.1; Figure 1). We calculated the following mean values for grassland plant diversity: Shannon–Wiener index, 1.54; inverse Simpson’s index, 3.99; richness, 9.08; and Pielou’s evenness index, 0.73. The Shannon–Wiener index ranged from 0.07 to 2.75, the inverse Simpson’s index ranged from 1.03 to 11.28, the richness ranged from two to 26, and Pielou’s evenness index ranged from 0.11 to 1 (Figure 2).
[image: A matrix of scatter plots depicting relationships between four metrics: Shannon, InverseSimpson, Richness, and Pielou's evenness, against six variables: SD, Max, Min, Mean1, and Mean2. Data points appear in red, with a visible trend line and shaded confidence interval in the third plot of the first and second rows.]FIGURE 1 | Scatter plots of grazing values and diversity indices of grassland communities. SD: variance of grazing data from 1981 to 2015; Max: maximum value of grazing data from 1981 to 2015; Min: minimum value of grazing data from 1981 to 2015; Mean1: mean of grazing data from 1981 to 2000; Mean2: mean of grazing data from 2001 to 2015. The red line represents the fitting line.[image: Four box plots display ecological diversity indices. The plots are labeled Shannon, Inverse Simpson (InverSimp), Richness, and Pielou's Evenness. Each box plot shows the median, interquartile range, and outliers with colored points above or below the box.]FIGURE 2 | Boxplots of four species diversity indices of grassland communities. Boxplots show the medium values (black lines), 25% and 75% quartiles (boxes), and 5% minima and 95% maxima (bars) of four species diversity indices.3.2 Comparison of relationships between grazing index and plant diversity indices among vegetation types
When comparing the models with and without interaction terms through ANOVA, P < 0.05 was considered significant, indicating a significant interaction effect. The impacts of the SD of the grazing data on the Shannon–Wiener index and species richness differed significantly between grassland and shrub land, with the slope of the grassland regression line being significantly steeper than that of the shrub land regression line. The diversity index of desert vegetation had no significant interaction with either the grazing index or other vegetation types (Figure 3).
[image: Scatter plot matrix showing relationships between variables Shannon, InversSimps, Richness, and Pielou's evenness against different metrics: SD, Max, Min, Mean1, and Mean2. Data points are color-coded, with trend lines and confidence intervals shown in some plots.]FIGURE 3 | Correlations between grazing index and plant species diversity across different vegetation types. Red, green, and blue lines represent fitted lines for relationships between grazing index and plant species diversity in three vegetation types, namely, grassland, shrub land, and desert, respectively. SD: variance of grazing data from 1981 to 2015; Max: maximum value of grazing data from 1981 to 2015; Min: minimum value of grazing data from 1981 to 2015; Mean1: mean of grazing data from 1981 to 2000; Mean2: mean of grazing data from 2001 to 2015.4 DISCUSSION
4.1 Impact of grazing on plant diversity
Grazing had different effects on the species diversity of different vegetation types. The results indicate that the Max from 1981 to 2015 was directly proportional to the grassland plant community richness, whereas grazing did not have a substantial impact on plant community diversity in shrub land and deserts. The Max reflects an extreme level of grazing, and its correlation with plant richness suggests that the grassland received high nutrient inputs from livestock manure and urine, which provided favorable growth conditions for the plants. Meanwhile, the SD reflects the differences in the grazing index at different temporal and spatial scales. Heterogeneity can create diverse habitat conditions and promote plant species coexistence. In addition, neither shrub land nor desert vegetation showed significant correlations in their responses to grazing. This difference from grassland may have arisen from the inherent life strategies of the vegetation. Shrubs typically possess deep root systems and lignified stems, enabling them to tolerate trampling and browsing by livestock. Jafarian et al. (2013) compared the soil physicochemical properties (organic carbon, total nitrogen, and electrical conductivity) of grasslands and shrub lands in Iran and found that the soil conditions in shrub lands were more suitable for plant growth than those in grasslands. Meanwhile, desert vegetation adapts to arid environments through physiological mechanisms such as succulent tissue and reduced transpiration. The conservative ecological niche of desert vegetation makes it less sensitive to grazing disturbance. In addition, by comparing the correlations between the grazing and species diversity indices among different vegetation types, we found that the correlations were stronger for grassland vegetation than for other vegetation types. Similar to the findings of this study, desert and dry grasslands in Mongolia have shown significant negative responses to severe grazing (Munkhzul et al., 2021). However, the increase in species richness in meadow steppes may be attributed to reduced competitive pressure from dominant species due to grazing, which aligns with the “intermediate disturbance hypothesis.” These regional differences highlight the moderating effects of vegetation type and climatic context on grazing impacts. Due to the lack of recent data from 2016 to 2025, the current study was based on long-term observational data from 1982 to 2015, covering multiple climatic fluctuation cycles and grazing management phases. This study systematically revealed the response patterns of different vegetation types to grazing disturbance, providing a reference for future research.
4.2 Mechanisms of the impact of grazing on plant diversity
Grazing is an essential component of animal husbandry on the Qinghai–Tibet Plateau and can directly or indirectly affect vegetation. Direct impacts are typically manifested when herbivores directly feed on plants, which can lead to a reduction in species biodiversity and vegetation biomass (Zhu et al., 2012). Selective grazing by livestock may reduce high-nutrient species and increase low-nutrient ones (Török et al., 2018), thus altering plant community structure and function. Indirect impacts arise in several ways. Livestock excreta release nutrients into the soil, changing its properties (e.g., nutrient levels and water content) and affecting plant growth (Du et al., 2022). Moreover, grazing can indirectly influence plant productivity and ecosystem services by altering the soil microbial community composition and functions. A global meta-analysis by Zhou et al. (2023) demonstrated that moderate grazing boosts soil nematode diversity and organic matter decomposition efficiency.
The grazing index, which is based on the number of grazing animals, grazing time, and grazing frequency, is used to evaluate the pressure and impact of grazing on grassland ecosystems (Zhang et al., 2018). Many studies have been conducted on the effects of the grazing index. Different grazing intensities and durations were found to have different effects on the species diversity of grassland plant communities (Deng et al., 2014). Moderate grazing increased grassland species diversity, whereas heavy and long-term grazing reduced it. Along with the grazing intensity, different grazing practices have been found to impact grassland ecosystems. Liu et al. (2015) found that for grasslands with high plant diversity, mixed grazing by cattle and sheep significantly improved plant diversity; however, grazing by either cattle or sheep alone had no effect. Meanwhile, for grasslands with low plant diversity, both individual and mixed grazing significantly increased plant diversity but significantly reduced plant biomass (Liu et al., 2015). Additionally, the impacts of grazing on vegetation can become more complex through interactions with other ecological factors. For instance, climate change may alter vegetation growth conditions and herbivore behavior, thereby amplifying or mitigating grazing effects (Qiqige et al., 2023).
4.3 Recommendations
Based on our findings regarding the impact of grazing on plant diversity and its mechanisms on the Qinghai–Tibet Plateau, we propose the following grazing management practices. First, grazing strategies that are tailored to different vegetation types should be developed. Our results indicate that grassland vegetation is highly responsive to grazing, and moderate grazing can enhance species coexistence and community stability. Thus, a dynamic moderate grazing strategy should be implemented in grasslands to prevent biodiversity loss and ecological degradation from long-term high-intensity grazing. For shrub lands and deserts, which show weak or complex responses to grazing, more conservative and observation-driven grazing measures are recommended. Second, the monitoring and management of grazing intensity and timing should be strengthened. For example, remote sensing and ground observations could be integrated to establish a grazing index monitoring and early warning system. Continuous monitoring and assessment of the risks of extreme grazing events will help to avert irreversible grassland degradation beyond the ecological carrying capacity. Additionally, the ecological role of a fluctuating grazing index should be recognized by adjusting grazing rhythms to create diverse microhabitat conditions, which can boost species coexistence and plant diversity (Du et al., 2022). Moreover, mixed cattle and sheep grazing should be promoted as an effective approach to enhance grassland plant diversity. Liu et al. (2015) reported that mixed grazing regulates interspecific competition among different plant functional groups, optimizes the vegetation structure, and improves resource-use efficiency, particularly in high-diversity grasslands. Therefore, multi-species livestock combination grazing should be prioritized, and the types and ratios of cattle, sheep, and other livestock should be scientifically allocated based on local ecological conditions and forage composition to achieve the dual goals of biodiversity conservation and improved forage-use efficiency.
5 CONCLUSION
Grazing activities have varying effects on the species diversity of different vegetation types on the Qinghai–Tibet Plateau. For grassland vegetation, the grazing index was positively correlated with plant community richness. Among the shrub land and desert vegetation types, grazing activity had no significant effect on plant community diversity. In addition, there were differences in the correlations between the grazing and diversity indices among the different vegetation types, with stronger correlations for grassland vegetation. These results indicate that the impact of vegetation type and grazing activity on plant community diversity on the Qinghai–Tibet Plateau is complex and diverse. Moderate grazing can promote vegetation renewal and growth and improve plant species diversity. Rational grazing plans should be developed based on specific ecological environments and biological community characteristics to achieve sustainable ecosystem development and to preserve species diversity.
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