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Introduction

Alpine grasslands on the Tibetan Plateau are increasingly affected by grazing, resulting in complex changes in soil nutrient availability.





Methods

This meta-analysis evaluates the effects of different grazing intensities on soil available nitrogen (AN), phosphorus (AP), and potassium (AK), and identifies key environmental drivers.





Results

Results show that grazing significantly increased AN by 11.9% and reduced AK by 14.5%, while its impact on AP was negligible. Light grazing (LG) and moderate grazing (MG) both significantly enhanced AN, with increases of 6.88% and 17.90%, respectively, whereas heavy grazing (HG) reduced AN by 1.52%. LG and MG also positively affected AP, whereas HG caused a substantial decline of 11.04%. In terms of AK, LG led to a slight increase (2.05%), but MG and HG both caused significant reductions of 11.01% and 10.35%, respectively. Temperature emerged as a critical factor, reducing AN and increasing AK, highlighting its importance under climate change scenarios.





Discussion

These findings emphasize that grazing intensity plays a pivotal role in regulating soil nutrient levels, with LG showing the most consistent positive effects on nutrient availability. Thus, managing grazing intensity, particularly favoring light grazing, is crucial to maintaining soil fertility and supporting the long-term productivity of alpine grasslands on the Tibetan Plateau.
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Introduction

The Tibetan Plateau provides freshwater, livestock, food, and other ecosystem services to more than 1.5 billion people (1, 2). Recently, air temperature has warmed considerably faster than the global average (3). Moreover, livestock grazing is a dominant economic activity in the Tibetan Plateau (2). Long-term overgrazing has resulted in the degradation of over 80% of the grassland on the Tibetan Plateau (4, 5). Furthermore, an imbalance in soil nutrient elements is one of the major factors driving the degradation of alpine meadow grasslands (6). Consequently, revealing the feedback of soil-available nutrients during grazing is beneficial for the scientific management of alpine meadows (7). Understanding the impact of grazing on soil nutrient availability is crucial for developing urgent strategies to restore and sustain the rapidly degrading alpine meadows on the Tibetan Plateau.

Grasslands are predominantly used for domestic grazing and provide meat and dairy products (8). However, overgrazing occurs in approximately 80.93% of the Tibetan Plateau, causing damage to the grassland ecosystems, grassland degradation, and nutrient loss (4, 9). The available nitrogen (AN) contents were 34.45, 27.34, and 22.40 mg/kg in low-, moderate-, and heavy-grazing meadows on the Tibetan Plateau (9). Continuous grazing substantially decreased the inorganic nitrogen supply capacity and turnover in the alpine grasslands (10). Furthermore, grazing considerably decreased sandy grassland soil available phosphorus (AP) by 15.49% but slightly increased the AN content by 7.14% (11). The available potassium (AK) decreased from 129.70 to 108.77 mg/kg in the southwest of the Tibetan Plateau, likely due to soil compaction from grazing, reduced organic matter inputs, and increased erosion and leaching, which together limit potassium retention and availability in these soils (12). Grazing reduced the AK content by 21.69% in the alpine meadows on the Eastern edge of the Tibetan Plateau (13). However, in the intensive and extensive grazing swards in the Northern Czech Republic, the soil AK contents were 156.47 and 173.14 mg/kg, respectively (14). AN, AP, and AK contents were markedly higher in the long-term livestock camps than in the surrounding areas in the Spanish Pyrenean pasture (15). Overall, the effects of grazing on soil available nutrients were highly variable due to strong spatial heterogeneity, highlighting the urgent need for region-specific research to understand and mitigate the nutrient loss caused by overgrazing on the Tibetan Plateau. Without timely intervention, continued degradation could lead to irreversible damage to both the ecosystem and the livelihoods dependent on it.

Anthropogenic management policies that minimize or exclude grazing can effectively restore degraded grasslands (5). Grazing rest increases grassland production and richness by improving physicochemical and biological properties (10). Furthermore, soil bulk density increases under grazing conditions (12). However, grazing increased bulk density by 2.1 to 8.0% with increasing grazing intensity on the Eastern Tibetan Plateau (16). Increased soil bulk density can reduce the soil’s capacity to retain available nutrients, thereby affecting the fertility and productivity of the soil. This is because higher bulk density can lead to decreased porosity and aeration, which in turn limits the movement of water, nutrients, and air within the soil profile. Meanwhile, pH, air temperature, and precipitation directly influenced the transformation rates of the microbial communities and soil available nutrients (17, 18). Furthermore, the excrement deposited by grazing animals primarily affects sward structure and nutrient cycling (14). Thus, the soil’s physical characteristics and climatic factors drive the soil available nutrients (19). The mechanism behind these effects is primarily related to the disturbance grazing causes to soil structure and the microbial processes responsible for nutrient cycling. Overgrazing leads to soil compaction, reducing porosity and aeration, which hinders the movement of water and nutrients. This compaction limits root growth and reduces the efficiency of nutrient uptake by plants. Additionally, grazing can alter the input of organic matter through animal excrement, which may initially increase nutrient availability but is often offset by the loss of soil structure and increased erosion.

A meta-analysis revealed that heavy grazing depletes soil nutrients and degrades structure in global grasslands, while moderate grazing supports productivity and can enhance soil health (20). Through a meta-analysis, it was revealed that grassland ecosystems in China benefit from light and moderate grazing, which enhance soil nutrients and ecosystem productivity (21). However, despite these insights, research specifically focusing on the Tibetan Plateau—a region highly sensitive to anthropogenic disturbances and spanning approximately 25% of China’s land area—remains limited (9). Thus, exploring the proper grazing intensity is urgently required to increase the available nutrients while maintaining livestock and grassland productivity (2). Two key scientific questions emerge from the study. First, how does grazing intensities in the Tibetan Plateau’s alpine meadows alter the availability of nitrogen, phosphorus, and potassium? Second, how do altitude, precipitation, and temperature interact with grazing intensity to influence soil nutrient availability and regulate grassland productivity? This study aimed to integrate the effect size of grazing on the soil available nutrients and their driving factors in the alpine meadows across the Tibetan Plateau.





Materials and methods




Data compilation

We collected published papers using the keywords “grazing,” “soil available nutrient,” and “Tibet*” in the Web of Science from January, 1990 to June, 2024. Furthermore, 165 articles were selected and conserved to the endnote library (Endnote X9). Full-version papers were automatically added by its function of “find full text” and Google Scholar.

Full articles were subsequently screened based on the following criteria: (1) all studies were conducted, including controls and grazing activity. Grazing intensity is categorized into light, moderate, and heavy grazing according to the classification standards set forth in the paper. (2) Soil AN, AP, and AK were analyzed using the alkali hydrolysis nitrogen method, molybdenum antimony colorimetry, and ammonium acetate extraction flame photometric method, respectively. Some data were extracted from the table, whereas the others were sampled from published figures using WebPlotDigitizer. Herin, we collated the available nitrogen (26 groups), available phosphorus (35 groups), available potassium (13 groups, Figure 1), and 74 sets of field experimental results (Figure 2). Additionally, soil and plant characteristics and climatic factors were collected.




Figure 1 | PRISMA flow diagram for study selection in meta-analysis.






Figure 2 | Sites of field manipulations and main vegetation types on the Tibetan Plateau. AN, AP and AK meant available nitrogen, phosphorus, and potassium.



Log response ratios (RR, hereafter response ratios) were calculated as the measures of the effect size. A 95% confidence interval (CI) was calculated. When the 95% confidence interval crosses zero, the result is considered not statistically significant. Meta-analysis using a random-effects model was performed, and the data were analyzed using R.

	

Xe and Xc are the mean values of each trait measured in the grazed and control grassland respectively. An ln R < 0 reveals a decrease in the trait response to grazing activity; otherwise, it indicates an increasing effect. The variance in ln R is calculated as follows:

	

Se, Ne, Xe, Sc, Nc, and Xc represent the standard deviations, sample sizes, and mean values in the grazing treatments and control, respectively.

The effect size of grazing on soil available nutrients and confidence interval based on the random effects model were calculated using the following equation:

Individual study weight 

Both vi and τ² represent the intra- and inter-study variance, respectively. The total variance of a single case (vi*) = within-case variance (vi) + between-case variance (τ²).

Average effect size 

yi refers to the single study effect value

Standard error 

95% confidence interval of average effect value: CI =   ± 1.96 SE





Publication bias

Biases may exist in publishing negative results in research fields. Therefore, a regression test for funnel plot asymmetry of the publication bias was performed using a mixed-effects meta-regression model (funnel and Egger’s test, rma).





Statistical analysis

Meta-statistical analyses were performed using R 3.6.2, and a random-effects model of the meta-analysis was run in metafor1.9-8 (22). The estimated values and standard errors (rma) were analyzed using the random effects models. A statistically significant difference is indicated when the 95% confidence interval does not include zero. In meta-regressions, total heterogeneity can be partitioned into variance explained by moderators (Qm) and residual error variance (Qe). The Qm statistic, a Q-test, assesses whether moderators account for significant heterogeneity within the data. Specifically, Qm functions as a Wald-type test for model coefficients, where a significant Qm value indicates that moderators contribute meaningfully to variations in effect sizes. A model selection approach was applied using the glmulti package, which evaluates multiple models based on Akaike Information Criterion corrected (AICc) values to identify the best-fitting model. The process involved ranking models by their AICc scores, visualizing these rankings, and examining the weights and summary of the model with the lowest AICc, as well as any additional models with similar AICc values (within a difference of less than 2).






Results




Effect size of grazing on the available nutrients across the Tibetan Plateau

Grazing significantly increased the AN content in the alpine grassland soils, with an effect size of 0.112 (P < 0.05, increase of 11.9%, Figure 3). Conversely, the effect of grazing on AP was not statistically significant, with an effect size of 0.023, corresponding to an approximate increase of 2.4%. Grazing significantly reduced the AK content, with an effect size of -0.157 (P < 0.05, decrease of 14.5%).




Figure 3 | Effect sizes of grazing activities and intensities on grassland available nutrients on the Tibetan Plateau. Effect sizes are presented as the average ± standard error. AN, AP and AK meant available nitrogen, phosphorus, and potassium.







Effect of different grazing intensities on the grassland soil available nutrients

This meta-analysis systematically evaluated the effects of varying grazing intensities on the availability of nitrogen, phosphorus, and potassium in alpine grasslands. The results indicated that both light grazing (LG) and moderate grazing (MG) significantly enhanced soil available nitrogen (AN), with increases of 6.88% and 17.90%, respectively (P < 0.01, Figure 4). Conversely, heavy grazing (HG) exhibited a detrimental effect on AN, with a decrease of 1.52%. Similarly, both LG and MG were found to increase soil available phosphorus (AP), while HG resulted in a substantial decrease in soil AP, approximately 11.04%. Furthermore, LG contributed to a 2.05% increase in available potassium (AK), whereas both MG and HG led to significant reductions in soil AK, with decreases of 11.01% and 10.35%, respectively.




Figure 4 | Effect sizes of soil available nutrients under different grazing intensities. Note, effect sizes of available nitrogen (AN), phosphorus (AP), and potassium (AK) under light (LG), moderate (MG), and heavy grazing (HG). Error bars represent standard deviations. Asterisks (*) indicate significant changes.







Heterogeneity analysis of effect size on available nutrients and optimal model selections

Grazing impacts soil nutrient dynamics in alpine grasslands differently depending on the nutrient and environmental factors. Temperature significantly influences reducing the effect of grazing on available nitrogen (P = 0.01, Figure 5) and increasing the effect size of available potassium (P < 0.0001, Figure 6), making it a key driver under climate change scenarios. In contrast, total nitrogen, total phosphorus, total potassium, precipitation, and soil organic carbon showed no significant effects on nutrient dynamics, highlighting their limited role in regulating available nitrogen, phosphorus, and potassium under grazing conditions (Figure 7). These results emphasize the critical role of temperature in nutrient cycling, especially in the context of climate warming.




Figure 5 | Analysis of factors influencing effect size of available nitrogen in grazed grassland soils.






Figure 6 | Analysis of factors influencing the effect size of available potassium in grazed grassland soils.






Figure 7 | Analysis of factors influencing the effect size of available phosphorus in grazed grassland soils.



The mixed-effects model shows that soil organic carbon and temperature significantly affect the effect size of grazing on AN. The model explains 39.57% of the variance in effect size, and the high I² value of 92.54% indicates substantial heterogeneity (Table 1), reflecting considerable variability among studies. Precipitation explained only 6.51% of AP variance. The high I² value of 96.22% again indicates substantial heterogeneity. temperature significantly affects the effect size of AK, explaining 67.28% of the variance, with a lower but still high I² value of 83.35%.


Table 1 | Summaries of effect size optimal model selections on available nutrients.








Discussion




Effects of grazing disturbance and grazing density on the soil available nutrient contents in grasslands

This study demonstrated that grazing activity significantly increased available nitrogen (AN) in alpine grassland soils by approximately 11.9%, while the effect on available phosphorus (AP) was not statistically significant, resulting in a minor increase of 2.4%. Conversely, grazing led to a marked reduction in available potassium (AK) by 14.5% across the Tibetan Plateau. This study found that light grazing improves soil nutrient levels, while moderate grazing has mixed effects. In contrast, heavy grazing generally reduces key soil nutrients. Therefore, light grazing should be recommended as the main grazing strategy.

These findings highlight the differential impacts of grazing on soil nutrient availability, with significant implications for nutrient cycling and ecosystem management in fragile alpine environments. Similarly, soil nitrogen content was the highest under light grazing on the Eastern Tibetan Plateau (16). Grazing substantially increased grassland AN from 117.39 to 129.35 mg/kg and AP from 3.75 to 4.50 mg/kg (23). Grazing enhanced alpine meadow AN from 23.53 to 23.83 mg/kg on the Northeast of the Tibetan Plateau (24). The alpine meadow soil available nitrogen content was 26.07, 26.62, and 24.61 mg/kg in light grazing, moderate grazing, and heavy grazing, respectively (25). Similarly, a previous study indicated that heavy grazing decreased soil nitrogen in the Eastern Tibetan Plateau (26). This was because, under light and moderate grazing conditions, the nitrogen mineralization process in the soil was enhanced by stimulated microbial activity, which accelerated the decomposition of soil organic matter and increased the release of available nitrogen (25). However, heavy grazing inhibited microbial activity by reducing the input of plant and root residues, leading to a decrease in nitrogen mineralization rates (27). Furthermore, grazing decreased AP and exchanged potassium by 33.89% and 41.02%, respectively, in the central Ethiopian highlands (28). Additionally, grazing reduced the soil AP of grasslands from 6.96 to 5.76 mg/kg on the Tibetan Plateau (12). The increase in soil potassium under light grazing is particularly significant, mainly due to the greater amount of potassium left in plant residues, but in long-term high grazing treatments, the availability of potassium tends to decrease, primarily due to the reduced input of biomass potassium (29). Thus, our study offers a more comprehensive understanding than previous research, providing a clearer basis for the sustainable management of alpine grasslands on the Tibetan Plateau.





Analysis of the factors driving grazing on soil available nutrient contents in grasslands of the Tibetan Plateau

Grazing is a traditional grassland management practice that significantly alters nutrient cycling processes within the ecosystem (23, 30). Concentrations of plant nutrients are mainly derived from soil nutrients (30, 31). Soil available nutrients are derived from microbial mineralization and decomposition and are driven by multiple factors, such as the environment, climate, and physiochemical properties.

Furthermore, soil nutrients appeared to play crucial roles in root decomposition, which increased at lower altitudes in the Bromus inermis grasslands of Northwest China (32). In this study, the mixed-effects model highlights temperature as a critical determinant of grazing impacts on soil nutrient dynamics, particularly by reducing available nitrogen and increasing available potassium, underscoring its pivotal role under ongoing climate change scenarios. These findings highlight the importance of incorporating temperature variability into grazing management strategies to predict and mitigate grazing impacts on nutrient cycling in alpine grasslands, contributing to greater ecosystem resilience under climate change. Temperature was identified as a key driver, reducing available nitrogen (AN) and increasing available potassium (AK) by accelerating organic matter decomposition and nutrient mineralization (6). Given its significant influence, addressing temperature variability is crucial for effective nutrient management and the sustainability of fragile alpine ecosystems amid climate change (14).

The significant heterogeneity observed in the mixed-effects model, indicated by high I² values (e.g., 92.54% for AN and 83.35% for AK), reflects the complexity of the underlying research. This heterogeneity likely arises from variations in geographical regions, soil types, grazing intensities, and diverse environmental contexts across the studies, leading to substantial variability in the outcomes (2). Such variability underscores the complex interactions between grazing and soil nutrient dynamics, influenced by multiple interrelated factors that differ depending on the specific study environment (19).






Conclusions

This study highlights the complex impacts of grazing intensity on soil nutrient dynamics in alpine grasslands of the Tibetan Plateau. Light grazing was shown to enhance the availability of key nutrients such as available nitrogen, available phosphorus, and available potassium, supporting the hypothesis that moderate grazing disturbances can improve soil nutrient cycling. In contrast, heavy grazing led to significant nutrient depletion, emphasizing the detrimental effects of overgrazing on fragile alpine ecosystems. The significant influence of temperature on nutrient dynamics, particularly reducing available nitrogen and increasing available potassium, underscores the importance of incorporating climate variability into grazing management practices, especially under ongoing climate change scenarios. Given the high heterogeneity observed across studies, driven by geographical, environmental, and management differences, it is crucial to develop region-specific grazing strategies. Ultimately, adopting light grazing as a sustainable management practice could enhance soil fertility and ensure the long-term productivity and resilience of alpine grasslands on the Tibetan Plateau.
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