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Introduction: As an important global ecological security barrier, the Qinghai-Tibet Plateau is a key region for exploring how global climate change affects the grassland ecosystem. Therefore, this study explored the mechanism of the impact of intensified atmospheric Phosphorus (P) deposition on the alpine grassland plant communities in Sejila Mountain, Nyingchi, Tibet.Methods: A field experiment with four different gradients of phosphate fertilizer application (0, 50, 75, and 100 kg hm−2 a−1) was designed. The variation patterns of plant morphology, biomass, nutrient content, and stoichiometric ratio characteristics in response to P were systematically analyzed.Results: P addition significantly affected the total community biomass and root-shoot ratio, showing a trend of initial increase followed by decline (P < 0.05). Additionally, P addition significantly influenced the plant traits (average height, total coverage, and abundance) and aboveground biomass of plant community (Poaceae, Cyperaceae, and Forbs). The plant traits and aboveground biomass of Poaceae and Forbs increased significantly with increasing of P addition levels. At a P addition of 100 kg hm−2 a−1, a decline in these parameters was observed. The total coverage and aboveground biomass of Cyperaceae plants showed a significant downward trend. P addition had limited effects on plant carbon (C) and nitrogen (N) contents and their respective stoichiometric ratios. However, it significantly increased P contents in both aboveground and belowground plant parts (P < 0.05), consequently reducing the C:P and N:P stoichiometric ratios in plants. This effectively enhanced plant P use efficiency.Discussion: This study highlights the significant role of P addition in shaping the plant community structure and nutrient cycling of alpine grasslands. However, excessive P addition may exacerbate ecological competition among plants, potentially leading to nutritional imbalances and soil environmental degradation.Keywords: phosphorus addition, alpine grassland, plant traits, nutrient content, stoichiometric ratio
1 INTRODUCTION
Phosphorus (P) deposition encompasses contributions from both natural and anthropogenic sources. As a critical nutrient for plant growth, P plays an indispensable role in ecosystem functioning by influencing plant productivity, carbon sequestration, and nutrient cycling through atmospheric deposition (Dissanayaka et al., 2020). Atmospheric P deposition has gained increasing attention due to its dual natural and human-driven origins, including weathering processes, volcanic activities, agricultural runoff, dust transport, and emissions from combustion sources (Pan et al., 2021). In recent decades, global climate change and intensified human activities have substantially increased P deposition, particularly in regions such as Asia and Europe (Penuelas et al., 2020). This trend is primarily attributed to agricultural fertilization practices, windborne dust from arid and semi-arid areas, and industrial emissions. While P deposition enhances nutrient availability in terrestrial ecosystems, it is also associated with a suite of environmental challenges. Alpine grassland ecosystems, particularly those on the Qinghai-Tibet Plateau, are highly sensitive to changes in nutrient availability due to their nutrient-limited conditions and harsh environmental constraints. These ecosystems provide vital ecosystem services, such as climate regulation, water conservation, soil fertility maintenance, and support for pastoral livelihoods (Yang et al., 2020). The addition of P promotes the increase in aboveground biomass of alpine grasslands, drives the proliferation of bacteria and fungi, enhances their activity levels, and further regulates the functional traits of plants, thereby propelling changes in the overall ecological balance and ecological functions of alpine grasslands (Sun J. et al., 2022). Plant biomass is a key metric for assessing grassland ecosystem health and restoration, as it reflects the system’s capacity for carbon storage and primary production. Biomass production in grasslands is intricately linked to the availability and stoichiometry of carbon (C), nitrogen (N), and P. Among these elements, P is often the most limiting nutrient in alpine ecosystems due to its low bioavailability and slow turnover rates (Mesquita et al., 2020).
P addition can profoundly affect the structure and functioning of alpine grassland ecosystems (Sun Y. et al., 2022). Experimental studies have shown that P inputs promote plant biomass accumulation, enhance vegetation cover, and increase primary productivity (Mao et al., 2021). However, these benefits are accompanied by significant alterations in plant community composition. P addition tends to favor species with higher P demands, such as grasses and forbs, while suppressing species less dependent on P, such as sedges. This shift in community structure can lead to a decline in plant diversity, particularly in nutrient-poor environments where competition for P is a key driver of species coexistence. Over the long term, P addition may result in soil P accumulation, altering the chemical and biological properties of soils and complicating the long-term trajectory of plant biomass dynamics. P enrichment can increase soil microbial activity and alter the composition of microbial communities, which play a critical role in nutrient cycling. Enhanced microbial activity may accelerate the mineralization of organic matter, thereby influencing the availability of other essential nutrients such as nitrogen. Moreover, the interaction between P and nitrogen availability can lead to imbalances in nutrient ratios, potentially reducing the efficiency of nutrient uptake and utilization by plants.
In addition to its effects on plant biomass, P addition significantly influences the stoichiometry of C, N, and P within alpine grassland (Sun Y. et al., 2022). Changes in stoichiometric ratios are particularly important as they regulate key ecological processes, including nutrient cycling, plant-microbe interactions, and ecosystem productivity. P addition exerts profound effects on the contents of C, N, and P in alpine grasslands. It can alter the structure of soil bacterial communities, influence nitrogen forms in the soil, and affect plant nitrogen uptake (Zhang Z. et al., 2024). Additionally, P addition regulates plant growth and microbial activity in soils, indirectly impacting soil carbon content. In alpine grasslands, P addition enhances plant P uptake, influencing the forms of P in the soil. More importantly, P addition significantly affects the stoichiometric ratios of plants, soil, and microbial biomass, notably reducing C:P and N:P ratios, while its effects on the C:N ratio are relatively limited (Sun Y. et al., 2022). Such imbalances in stoichiometric ratios could have potential negative consequences for the functionality of grassland ecosystems.
The alpine grasslands of Sejila Mountain, located in Nyingchi, southeastern Tibet, are representative of high-altitude ecosystems characterized by cool winters, mild summers, and distinct wet and dry seasons. These grasslands are nutrie nt-limited and highly sensitive to external nutrient inputs, making them an ideal system for studying the effects of P deposition. Most of the current studies on the impact of P addition on alpine grasslands are short-term experiments. In this study, we conducted a long-term P addition experiment to study its impacts on the plant traits, biomass, nutrient contents (C, N, and P), and stoichiometric characteristics of the alpine grasslands in Sejila Mountain. The main objectives are as follows: (1) Analyze the responses of different plant functional groups to P addition; (2) Reveal the impacts of P addition on the plant communities in alpine grasslands; (3) Explore the relationships among plant traits, biomass, and nutrient contents under P addition. This is of great significance for clarifying the potential mechanisms of the changes in plant communities and the dynamics of nutrient cycling in alpine grasslands under P deposition, and provides a scientific basis for the protection and restoration of alpine grasslands.
2 MATERIALS AND METHODS
2.1 Study area
The experiment was conducted on the alpine grasslands of the western slope of Sejila Mountain in Nyingchi City, Tibet Autonomous Region (29°37′30″N, 94°37′13″E). The site exhibits an elevation of 4,400 m and an average slope of 21.4° (Figure 1). This plot is located in the humid mountain warm temperate zone and semi-humid mountain temperate zone. The annual average temperature is −0.73°C, and the annual average precipitation is 1,134.1 mm. Precipitation is mainly concentrated from April to October. The frost - free period is 180 days, and the average relative humidity ranges from 60% to 80%. The primary vegetation types include Poaceae, Cyperaceae, and Forbs. The soil types in the area are dominated by mountain brown soils and acidic brown soils. Basic soil parameters are presented in Table 1.
[image: Figure 1]FIGURE 1 | Geographical Location Map of the Research Area. (A) map of China; (B) map of Xizang; (C) Specific location of research site.
TABLE 1 | Soil parameters and measurement methods of the test site.
[image: Table 1]2.2 Experimental design
The experiment employed a field P fertilizer application approach with controlled treatments. P addition is drawn from the P addition treatment test standard (50 kg hm−2 a−1) carried out by Zhai Jiaying in 2009 for alpine grasslands. Considering that the atmospheric P sedimentation has shown an increasing trend year by year over time, high concentration addition tests have been carried out based on the above P addition standards. Three replicated blocks of equal area were established, with a 5 m wide buffer zone between blocks. Each block contained four treatment groups, corresponding to P application rates of 0, 50, 75, and 100 kg hm−2 a−1, designated as CK, P50, P75, and P100, respectively. Each treatment group consisted of a plot measuring 3 m × 3 m, with a 1 m wide buffer zone between plots. A total of 12 plots were established. Translated from what was initiated in 2019, at the beginning of August each year, dissolve calcium superphosphate [Ca(H2PO2)] in water at the specified concentration, and evenly sprinkle it within the sample plot with the help of a watering can. The amount of water applied each time is roughly equivalent to a natural precipitation of 2.0 mm. In the control sample plot, the same amount of water is applied. After evaluation, the amount of water addition during fertilization will not have an impact on the ecosystem processes.
2.3 Measurement of plant traits and biomass
In the middle of August 2024, the number of species in each experimental area was recorded in detail. The heights and quantities of plants in each functional group were measured through the direct measurement method and the quadrat method, and the coverage rate was measured by using the line transect method. Randomly select three small plots of 30 cm × 30 cm. Plants within the subplots were clipped at ground level according to their functional groups, and subsequently oven-dried at 105°C for 30 min to deactivate enzymes, followed by drying at 80°C to constant weight. The aboveground biomass of each functional group was then determined by weighing. Plant roots were collected from the soil layer of 0–20 cm in depth using a soil auger with a diameter of 5 cm (Contains 95% of underground plant biomass). For each small sample plot, the auger was used to drill three times in an S-shape pattern, and the root samples obtained from the drilling were then mixed. Subsequently, the root samples were rinsed thoroughly with deionized water, and stones and humus mixed in them were carefully picked out. The treated root samples were placed in an oven at 80°C and dried to a constant weight before being weighed, so as to calculate the belowground biomass per unit area. The root-shoot ratio of the community was calculated by dividing the belowground biomass of the community by the aboveground biomass of the community.
2.4 Determination of the nutrient contents of C, N, and P in plants
The collected aboveground and belowground plant samples were ground into powder using a mechanical grinder. Organic carbon content was measured using the potassium dichromate oxidation method, total nitrogen was determined using the Kjeldahl method, and total P was quantified using the molybdenum-antimony anti-colorimetric method. By dividing the molar content of any two elements in the plant by each other, calculated the plants C:N, C:P, N:P.
2.5 Data analyses
Data processing was performed using Microsoft Excel 2019. Statistical analysis was carried out with IBM SPSS Statistics 20. One - way analysis of variance (ANOVA) was used to evaluate the responses of plant biomass, plant traits of different functional groups, and nutrient contents under different P addition gradients. Multiple comparisons were conducted using the Least Significant Difference (LSD) test, with the significance level set at P < 0.05. The figures were plotted using Origin 2021 software, and the results were presented as Mean ± Standard Error (Mean ± SE). The Spearman correlation analysis method was employed to investigate the relationships among plant biomass, plant traits, and nutrient contents in alpine grasslands under P addition.
3 RESULTS
3.1 Effect of P addition on various plant functional groups
3.1.1 Effects of P addition on the Poaceae
The traits of the plant and aboveground biomass of the Poaceae showed a trend of increasing first and then decreasing under P treatment (Figure 2), and the highest value was reached under P75 treatment, with each plant trait increasing by 34.20%, 62.03% and 450.00% compared with CK, respectively, and the increase effect of average height and abundance of the Poaceae plants was more significant (P < 0.05); the aboveground biomass increased significantly by 140.35% compared with the control (P < 0.05); but under P100 treatment, each plant trait and aboveground biomass began to show a downward trend, indicating that excessive P addition has an adverse effect on the traits of the Poaceae and aboveground biomass. The addition of P addition not significantly affect the C content of Poaceae, and the N content showed a trend of decrease first and then increase (Figure 3). With the increase of P addition level, the P content of Poaceae plants increased significantly (P < 0.05); under P100 treatment, the P content of Poaceae plants increased by 122.10% compared with the control group. In the stoichiometric ratio characteristics, C:N showed a trend of increasing first and then falling; both C:P and N:P showed a significant trend of downward, which were 109.37 and 4.58 under P100 treatment.
[image: Figure 2]FIGURE 2 | Changes in the traits and aboveground biomass of the Poaceae under P addition. (A) Average height, (B) Total coverage, (C) Abundance, (D) Aboveground biomass. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
[image: Figure 3]FIGURE 3 | Changes in the nutrient content and stoichiometric ratio characteristics of the Poaceae under P addition. (A) C content, (B) N content, (C) P content, (D) C/N, (E) C/P, (F) N/P. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
3.1.2 Effects of P addition on the Cyperaceae
In this study, the mean height and abundance of Cyperaceae plants showed an upward trend with the increase in P addition, but the difference was not significant, indicating that P addition had no significant effect on the mean height and abundance of Cyperaceae (Figure 4). P addition resulted in a significant downward trend in the total coverage and aboveground biomass of Cyperaceae (P < 0.05). The total coverage and aboveground biomass were the lowest under P100 treatment, with a decrease of 62.85% compared with CK treatment, and aboveground biomass decreased to 8.83 g m−2. P addition had no significant effect on C and N content in Cyperaceae (Figure 5). However, P addition significantly affected the P content of Cyperaceae (P < 0.05). With the increase in P addition level, the P content of Cyperaceae significantly increased, and under P100 treatment, the P content of Cyperaceae increased by 140.52% compared with the control group. P addition had no significant effect on C:N in Cyperaceae, but C:P and N:P showed a significant downward trend with the increase in P addition concentration (P < 0.05), which decreased to 110.01 and 6.12 under P100 treatment.
[image: Figure 4]FIGURE 4 | Changes in the traits and aboveground biomass of the Cyperaceae under P addition. (A) Average height, (B) Total coverage, (C) Abundance, (D) Aboveground biomass. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
[image: Figure 5]FIGURE 5 | Changes in the nutrient content and stoichiometric ratio characteristics of the Cyperaceae under P addition. (A) C content, (B) N content, (C) P content, (D) C/N, (E) C/P, (F) N/P. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
3.1.3 Effects of P addition on the Forbs
The plant traits and aboveground biomass of Forbs showed a trend of increasing first and then decreasing with P addition, and the changes were significant (P < 0.05, Figure 6), and reached the maximum value under P75 treatment. Compared with CK treatment, the average height, total coverage and abundance of Forbs increased by 73.86%, 51.55%, and 42.04%, and the aboveground biomass increased to 105.23 g m−2. In the case of P addition, the C content of Forbs showed a tendency to decrease first and then increase (Figure 7), with no significant effect on the N content, which significantly affected the P content of Forbs (P < 0.05). Under P100 treatment, the P content of Forbs increased by 117.50% compared with the control group. The C:N of Forbs did not change significantly with the increase of P addition level, but both the C:P and N:P ratios decreased significantly with the increase of P addition level (P < 0.05), with the lowest under P100 treatment, at 82.40 and 5.39.
[image: Figure 6]FIGURE 6 | Changes in the traits and aboveground biomass of the Forbs under P addition. (A) Average height, (B) Total coverage, (C) Abundance, (D) Aboveground biomass. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
[image: Figure 7]FIGURE 7 | Changes in the nutrient content and stoichiometric ratio characteristics of the Forbs under P addition. (A) C content, (B) N content, (C) P content, (D) C/N, (E) C/P, (F) N/P. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
3.2 Effects of P addition on plant communities
P addition significantly affected the plant community biomass and root crown ratio in the alpine grasslands of Sejila Mountain (P < 0.05, Figure 8). The aboveground biomass, belowground biomass, total biomass, and root crown ratios of plant communities showed a consistent response pattern characterized by increased first and then decreased. Under P50 treatment, the belowground biomass, total biomass and root crown ratios of the plant community reached peaks, which were 1,464.12 g m−2, 1,568.80 m−2 and 15.16, which increased by 132.34%, 117.60% and 118.13% respectively compared with the control group; under P75 treatment, the above-ground biomass of the plant community reached the highest value of 123.91 g m−2. This trend may be due to the fact that excessive P addition changes soil conditions, thus exerting an inhibitory effect on plant growth.
[image: Figure 8]FIGURE 8 | Changes in plant community biomass and root crown ratios by addition of P. (A) Aboveground biomass of the community, (B) Belowground biomass of the community, (C) Total biomass of the community, (D) Root crown ratio. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
In the alpine grasslands plant community of Sejila Mountain, P addition had no significant effect on the C and N content of the aboveground and belowground plant parts (Figure 9). P addition significantly affected the P content of the aboveground and belowground parts of the plant community (P < 0.05). With the increase in the level of P addition, the P content in the plant community increased significantly, and under the P100 treatment, the P content of the aboveground and belowground parts of the plant community increased to 3.88 mg g−1 and 2.00 mg g−1. C:N in the aboveground and belowground parts of the plant community did not change significantly under the gradual increase in P addition levels. However, C:P and N:P showed a significant downward trend. Under P100 treatment, the C:P of the aboveground and belowground parts was 98.30 and 181.32, a decrease of 58.03% and 60.14% compared with the control treatment; N:P was 5.35 and 5.56, a decrease of 57.34% and 81.60% compared with the control treatment.
[image: Figure 9]FIGURE 9 | Changes in nutrient content and stoichiometric characteristics of P application on plant communities. (A) C content, (B) N content, (C) P content, (D) C/N, (E) C/P, (F) N/P. Lower case letters in the graphs indicate significant differences mong the different level of P addition (P < 0.05, LSD test).
3.3 Characteristics correlation analysis of P addition with plant traits, biomass, and nutrient contents
Spearman correlation analysis was conducted on plant traits, biomass and community nutrient contents in the alpine grasslands of Sejila Mountain under different gradients of P addition (Figure 10). The results showed that there were mostly positive correlations among the average height, total coverage and abundance within the Poaceae, Cyperaceae and Forbs respectively, indicating that these traits within the same group would affect each other and change jointly. The aboveground biomass of each plant group was significantly correlated with some of its own traits. The aboveground biomass of Poaceae had an extremely significant positive correlation with abundance (P < 0.001). The aboveground biomass of Forbs had extremely significant positive correlations with all its traits (P < 0.001). Notably, the aboveground biomass of Cyperaceae was negatively correlated with its average height, but positively correlated with total coverage and abundance. Meanwhile, there were also certain correlations among the aboveground biomasses of different plant groups, suggesting that they would influence the accumulation of biomass in the community. Community biomass was positively correlated with the aboveground biomasses of Poaceae and Forbs, but negatively correlated with that of Cyperaceae. The C, N and P contents of the community were not only correlated with each other, but also significantly related to the traits and biomass of plant groups. Specifically, the C and N contents had extremely significant negative correlations with the total coverage of Poaceae, there was an extremely significant positive correlation between C and N contents, and the P content had an extremely significant negative correlation with the total coverage of Cyperaceae. This indicates that nutrient contents can affect plant growth, and conversely, the growth status of plants can also have an impact on the nutrient cycling of the community.
[image: Figure 10]FIGURE 10 | Spearman correlation heat map of plant traits, biomass and nutrient contents. P-AH, Average height of Poaceae; P-TC, Total coverage of Poaceae; P-A, Abundance of Poaceae; C-AH, Average height of Cyperaceae; C-TC, Total coverage of Cyperaceae; C-A, Abundance of Cyperaceae; O-AH, Average height of Forbs; O-TC, Total coverage of Forbs; O-A, Abundance of Forbs; P-AB, Aboveground biomass of Poaceae; C-AB, Aboveground biomass of Cyperaceae; O-AB, Aboveground biomass of Forbs; C-B, Community biomass; C-C, Community carbon content; C-N, Community nitrogen content; C-P, Community P content. *, ** and *** indicate significant correlations at the 0.05, 0.01 and 0.001 levels respectively.
4 DISCUSSION
P is a component of important substances such as nucleic acids and phospholipids in plants, and is crucial for physiological processes such as energy metabolism and photosynthesis (Dissanayaka et al., 2020). Research has found that within the moderate range of P addition, grassland plants gain more abundant nutrients, enhance photosynthesis, and accelerate growth (Fan et al., 2021). In this study, it was found that moderate P supply can help improve material synthesis and accumulation in Poaceae and Forbs, thereby increasing height, coverage, and abundance. But when P addition exceeds a certain threshold, it can cause a series of problems. Excessive application of phosphate fertilizers leads to a surplus of P in the soil, increasing the risk of P loss (Zhang W. et al., 2020). These changes can interfere with the absorption of other nutrients by plants, affect their normal physiological functions, and thus inhibit plant growth. The P demand characteristics of Cyperaceae may be different from those of Poaceae and Forbs, and their growth may not be significantly regulated by the amount of P addition, so the average height and abundance changes are not significant. The decrease in total coverage may be due to P addition promoting the growth of other plants, intensifying interspecific competition, and putting Cyperaceae at a disadvantage in resource acquisition, resulting in a decrease in their coverage in the community (Yang et al., 2020).
Studies have shown demonstrated that P addition significantly increased the aboveground biomass of Poaceae in alpine grassland (Zhang W. et al., 2024). In this study, at a P application rate of 75 kg hm−2 a−1 (P75 treatment), the aboveground biomass of Poaceae and Forbs reached 4.11 g m−2 and 105.23 g m−2, respectively, representing increases of 140.35% and 58.20% compared to the control. However, this trend reversed at higher P levels. These results indicate that P addition initially promotes the growth of Poaceae and Forbs, but this stimulatory effect diminishes and may even turn inhibitory as P concentration continues to rise. Pedro et al. (2021) also supported the notion that P addition increases the aboveground biomass of non-nitrogen-fixing plants. However, when soil P concentration exceeds plant demand, a phenomenon of P saturation occurs. Excess P not only fails to further promote plant growth but may also intensify ecological competition among plant species (Kuang et al., 2021), leading to a decline in the aboveground biomass of Poaceae and Forbs. Similarly, observed in a multi-gradient nitrogen and P addition experiment in alpine grassland that the aboveground biomass of Cyperaceae significantly decreased with increasing P levels (Dong et al., 2022). This finding aligns with our study and may be attributed to Cyperaceae being more limited by nitrogen availability. In contrast, P addition promotes the growth of competing plant species, which intensify competition for resources such as light, water, and nutrients (Kuang et al., 2021), thereby suppressing the growth of Cyperaceae.
Plant biomass, as a core indicator of grassland ecosystem productivity, plays a crucial role in ecosystem stability and functionality (Gaowen et al., 2021). In a 5-year P addition experiment conducted in the alpine grasslands of Sejila Mountain, we observed a trend of initial increase followed by a decline in aboveground biomass, belowground biomass, total biomass, and root-to-shoot ratio of the plant community. Notably, the increase in belowground biomass was more pronounced than that in aboveground biomass under different P addition treatments, consistent with findings by Chen and Xiao (2023), which highlighted the stronger stimulatory effect of P addition on belowground biomass. P, as an essential nutrient for plant growth, can enhance plant growth, increase biomass, and optimize root-to-shoot ratio when applied in appropriate amounts (Lekberg et al., 2021). However, excessive P addition can induce adverse changes in the soil environment, such as salinity accumulation and pH imbalance (Yong et al., 2019), which disrupt soil microbial community structure and function, inhibiting the activity of certain microorganisms (Zhan et al., 2020). These environmental stresses eventually feedback onto plants, causing a decline in biomass and root-to-shoot ratio.
The contents of C, N, and P in plants are directly linked to primary productivity, species composition, and diversity in grassland ecosystems, playing a critical role in ecosystem function and regulation (De et al., 2019). Our results indicated that P addition had no significant effect on the C and N contents of the aboveground and belowground components of the plant community. Carbon, as a structural component in plants, is relatively stable and less influenced by external environmental factors (Sterner and Elser, 2017). Although P addition may alter soil microbial community structure, these changes did not significantly affect plant nitrogen content (Wang et al., 2020). However, the P content of the plant community significantly increased under P addition. The P contents of Poaceae, Cyperaceae, and Forbs responded similarly to P addition. Under the P100 treatment, the P contents of these functional groups increased by 122.1%, 140.52%, and 117.50%, respectively, compared to the control. This is likely because P addition elevated the concentration of available P (AP) in the soil (Cheng et al., 2020), providing a richer P source for plants and enhancing P uptake.
The C:N ratio is often regarded as an important indicator of nutrient balance in plants (Zhang J. et al., 2020). In this study, P addition had no significant effect on the C:N ratio in the aboveground and belowground components of the plant community. This suggests that P addition is not strongly correlated with nitrogen uptake or that plants can adjust nitrogen uptake and utilization to maintain a stable C:N balance (Sun Y. et al., 2022). In contrast, the C:P and N:P ratios of the plant community declined significantly with increasing P levels. This trend is attributed to enhanced P uptake efficiency, which increased P content in plants, while the absorption of carbon and nitrogen did not increase proportionally, thereby reducing C:P and N:P ratios (Mao et al., 2021; Sun Y. et al., 2022). In this study, Poaceae demonstrated stronger P uptake and utilization efficiency under P addition (Liu et al., 2020), resulting in faster growth and greater accumulation of nutrients. Conversely, Cyperaceae and Forbs showed weaker responses to P addition. The differential responses of plant species to P addition may be due to variations in their P uptake and utilization efficiency (Luor et al., 2022), as well as the influence of microbial communities altering the mineralization rate of organic P to affect P availability (Deforest and Moorhead, 2020). Despite these differences, the overall trend observed was a significant decline in C:P and N:P ratios with increasing P addition levels.
In the study of the alpine grasslands on Sejila Mountain, the correlations among plant traits, biomass, and community nutrient contents under different gradients of P addition exhibit unique patterns. Some scholars have found that within a certain range, P addition can promote the growth of Poaceae plants (Huang et al., 2018), and there is a positive correlation between their biomass and abundance, which is consistent with the extremely significant positive correlation between the aboveground biomass and abundance of Poaceae plants in this study. However, for Forbs, in this study, their aboveground biomass has an extremely significant positive correlation with all traits. This may be due to the unique environmental conditions of the alpine grasslands on Sejila Mountain, which make Forbs more sensitive to P addition and enable them to make more full use of P to promote their own growth. The results that the aboveground biomass of Cyperaceae is negatively correlated with the average height and positively correlated with the total coverage and abundance are relatively rare. It may be because P addition has changed the intra-specific or inter-specific competition relationships of Cyperaceae plants. Under high coverage and abundance, the competition among individuals intensifies, resulting in a decrease in the average height, but the overall biomass accumulation is more influenced by the total coverage and abundance. At the community level, in this study, the community biomass is positively correlated with Poaceae and Forbs, and negatively correlated with Cyperaceae. Studies on grasslands at different altitudes have shown that community biomass is affected by dominant plant groups (Chen et al., 2021). In the alpine grasslands on Sejila Mountain, Poaceae and Forbs play a positive and dominant role in the construction of community biomass, while Cyperaceae shows different correlations due to its own characteristics. In addition, the relationship between community nutrient contents and the traits and biomass of plant groups is consistent with previous studies on the interaction between nutrient cycling and plant growth, further emphasizing the importance of the complex feedback mechanism between the two in the alpine grassland ecosystem.
Given the complexity of P deposition, future research should focus on long-term monitoring and modeling to capture the spatiotemporal variability of P inputs. Additionally, integrated management strategies are needed to mitigate the environmental risks associated with excessive P deposition. Such strategies could include optimizing agricultural fertilization practices, controlling industrial emissions, and implementing land management practices that enhance the retention and utilization of P within ecosystems. By addressing these challenges, we can promote the sustainability and resilience of alpine grassland ecosystems in the face of global environmental change.
5 CONCLUSION
We conducted an in-depth analysis of a 5-year P addition experiment with varying gradients in the alpine grasslands of Sejila Mountain and drew the following key conclusions: P addition had significant and profound effects on plant traits, biomass, C, N, and P contents, as well as their stoichiometric ratios. These effects exhibited a high degree of consistency across plant communities and their constituent functional groups. Poaceae and Forbs’ overground biomass increase most under P75 treatment, but when P addition exceeds 100 kg hm−2 a−1, it will inhibit its growth, and P addition reduces the total coverage and biomass of the Cyperaceae. At the community level, however, P addition led to a notable increase in total biomass. Additionally, P addition substantially altered the elemental composition within plants, as evidenced by a significant increase in P content and a notable decrease in the C:P and N:P ratios. However, excessive P addition (P100) intensified ecological competition among plant species, posing potential threats to the functional stability and ecological balance of grassland ecosystems. Based on the above research results, in order to empirically test the impact of P addition on the ecosystem stability of the alpine grasslands in Sejila Mountain, it is very necessary to closely monitor the changes in plant community structure, and pay attention to the impact of precipitation on the effect of nutrient addition, and pay special attention to the dynamics of Cyperaceae plants. It is crucial to prevent ecological imbalances caused by fierce interspecies competition and achieve sustainable development of grassland ecosystems.
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