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Introduction

The ecological stoichiometric ratio of carbon, nitrogen, and phosphorus is an important index to understand the utilization and distribution of plant nutrients.





Method

To explore how leaf carbon, nitrogen, and phosphorus contents, along with the stoichiometric ratio of different life forms of plants, respond to variations in altitude and soil physical and chemical properties, leaves and soil samples were collected from different life forms of plants at different altitudes (1,100~1,700 m) within the Guozigou region of the forest. Subsequently, the contents and ratios of carbon, nitrogen, and phosphorus in the leaves, as well as the physicochemical properties of the soil, were determined.





Results

The results showed the following: (1) The three life forms of plants in the study area showed that the coefficient of variation of leaf carbon content was the smallest and the distribution was the most stable, while the coefficient of variation of carbon–nitrogen ratio was the largest. (2) Altitude had a significant effect on the carbon, nitrogen, and phosphorus contents of different life form of plants, among which the leaf nitrogen content of trees, shrubs, and herbs increased significantly with altitude (p < 0.01), the leaf phosphorus content of trees increased significantly with altitude (p < 0.01), and the leaf C:N of the three life form of plants decreased significantly with altitude (p < 0.01). The C:P of the arbor decreased significantly with altitude (p < 0.05), and the N:P of shrub and herb leaves increased significantly with altitude (p < 0.01). (3) Soil organic carbon and soil moisture content were the main environmental factors affecting the changes of carbon, nitrogen, and phosphorus in leaves of arbors, and nitrate nitrogen was the main environmental factor affecting the changes of carbon, nitrogen, and phosphorus in leaves of shrubs. Available phosphorus affected the changes of carbon, nitrogen, and phosphorus in the leaves of herbaceous plants.





Discussion

The results provide new insights into community-level biogeographical patterns and potential factors of leaf stoichiometry among plant life forms.
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1 Introduction

Carbon, nitrogen, and phosphorus are crucial elements in plant growth and development and material cycling, with carbon as a structural substance influencing the carbon cycle of ecosystems and nitrogen and phosphorus as limiting nutrients for plant growth (Güsewell and Freeman, 2005). At the same time, there is a strong coupling between carbon, nitrogen, and phosphorus elements, which play essential roles in plant growth metabolism, regulation of physiological mechanisms, and ecosystem material and energy cycles (Ågren, 2004). Due to the significant differences in individual traits, different life forms and species adopt different life strategies to maintain their growth and reproduction (Cheng et al., 2021). Thus, their leaf carbon, nitrogen, and phosphorus contents differ in their response to altitude and soil nutrients. Changes in altitudinal gradient usually lead to changes in the reproduction, survival, material metabolism, and morphological and structural functions of plants. For example, Zhang X. L. et al. (2023) found that the leaf nitrogen and phosphorus contents of meadow plants in Wutai Mountain decreased with altitude. Chai et al. (2015) pointed out that the leaf phosphorus element of Quercus qinlingensis was higher in the high-altitude region. A series of changes in plant element content along the altitudinal gradient are the result of the long-term adaptation of plants to environmental heterogeneity. The “trade-off strategy” of plants determines the position of individuals in the community, which in turn affects the stable coexistence of multiple species. This not only helps to analyze the trade-offs of species at different elevational gradients but also helps to understand the differentiation of plant functions (Tayir et al., 2023).

As one of the origins of cultivated deciduous fruit trees in the world, the Tianshan wild fruit forest in Xinjiang is the largest and most primitive and dense wild fruit forest in Eurasia, and it is also one of the unique areas of biodiversity in China (Fan et al., 2020). It has the genetic diversity of various wild fruit trees and agricultural plants, which is of great significance to the sustainable development of agriculture (Liu et al., 2013). Wild fruit forests in the Tianshan Mountains are mainly distributed on slopes with an altitude of 1,100–1,700 m in western Xinjiang. They have steep slopes, thin soil layers, significant habitat differences, and are relatively fragile. Therefore, they are sensitive to external disturbances. Since the end of the 1950s, because of the large-scale development of wild fruit forests in Tianshan Mountains, the backward agricultural production mode has not been suitable for ecological protection, which has caused severe damage to the ecosystem of wild fruit forests in Tianshan Mountains, serious fruit tree diseases, and reduced species diversity (Hou and Xu, 2006). The main objectives of this study were: (1) What are the distribution characteristics of carbon, nitrogen, and phosphorus in the leaves of different life forms of plants in the wild fruit forests of Tianshan Mountain? (2) How do different life forms’ leaf carbon, nitrogen, and phosphorus change with altitude? (3) How do the physical and chemical properties of the soil affect the variation of leaf carbon, nitrogen, and phosphorus contents of different life forms of plants at different altitude gradients? Are the key factors influencing the leaf carbon, nitrogen, and phosphorus contents of different plant life forms the same? Therefore, based on the study of the coordination mechanism between the elemental content of plant leaves and the soil environment at different altitudes, this study attempts to explore the nutrient absorption strategies of different life forms of plants in this plant community and the critical environmental factors that drive the dynamic balance of nutrients.




2 Materials and methods



2.1 Overview of the study site

The study site is located in Guozigou, Yili, Xinjiang. The climate is characterized by a warm and humid “oceanic” climate, with an average annual air temperature of 10.4°C, yearly precipitation ranging from 260 mm to 800 mm, and an average of 2,898.4 h of sunshine per year (Cheng et al., 2020).




2.2 Sample plot setup

In July 2022, three transects were set from the bottom to the top of the mountain in the range of altitude where the distribution of plants in Guozigou, Yili, Xinjiang was relatively concentrated. Each transect was separated by 100 m. The range of altitude 1,100–1,700 m was selected as the research area, and the elevation of 100 m was increased in turn. A total of six altitude gradients (1,100–1,200 m, 1,200–1,300 m, 1,300–1,400 m, 1,400–1,500 m, 1,500–1,600 m, 1,600–1,700 m) were set. Three 50 m × 50 m arbor quadrats were set up in each elevation gradient, three shrub quadrats were set up in each arbor quadrat along the diagonal line, and three 1 m × 1 m herb quadrats were set up in the diagonal line of each shrub quadrat. A total of 18 arbor quadrats, 54 shrub quadrats, and 162 herb quadrats were set up (Table 1). In our study, we recognized that species differences may have an impact on leaf carbon, nitrogen, and phosphorus contents. Therefore, when we selected experimental plants, we tried to select some representative species in terms of ecological and physiological characteristics to better understand and compare their differences. At the same time, we also used appropriate statistical methods in data analysis to reduce the impact of species differences on the results. In order to minimize the impact of other environmental factors such as slope on the experimental results, we conducted a detailed geographical and ecological survey when selecting sampling sites to ensure that our sampling sites are distributed as much as possible in areas with similar slope, soil type, climatic conditions, and vegetation types.


Table 1 | Dominant plants in the study area.






2.3 Sample collection

In each sample plot, five well-grown, healthy adult individuals (diameter at breast height > 5 cm) were selected as sampling plants, and 10 moth-free, unbroken leaves were randomly collected from different directions. The altitude, latitude, longitude, and other information of each sampling point were recorded through GPS localization (Table 2).


Table 2 | Basic information of sample plot.



Five sampling points were evenly selected in each plot by the diagonal sampling method. Soil samples of 0~20 cm depth were collected with soil drills at each sampling point. After removing impurities such as litter and leaves in the soil, we put them into fresh-keeping bags and sent them back to the laboratory for subsequent treatment.




2.4 Sample determination



2.4.1 Leaf nutrient determination

The plant leaf samples were dried at 65°C for 24 h, ground in a mortar, and passed through a 60-mesh sieve. The C content of leaves was determined by potassium dichromate volumetric-external heating method, the N content of leaves was measured by perchloric acid-sulfuric acid digestion method, and the P content of leaves was determined by acid solubilization-molybdenum antimony colorimetric method.




2.4.2 Determination of soil physical and chemical properties

Referring to the soil nutrient testing standards (Bao, 2000), soil bulk weight was determined by the ring knife method; soil salinity was determined by the residue drying-mass method; soil water content = (fresh weight − dry weight)/fresh weight × 100%; soil organic carbon was determined by the volumetric method using potassium dichromate with external heating; soil total nitrogen was determined by the semi-micro Kjeldahl method; soil total phosphorus was determined by the sodium hydroxide melting-molybdenum antimony colorimetric method; available phosphorus was determined by the 0.5-mol·L−1 NaHCO3 method; soil total phosphorus was measured by sodium hydroxide fusion-molybdenum antimony colorimetric method; available phosphorus was measured by the 0.5 mol·L−1 NaHCO3 method; nitrate nitrogen was measured by phenol disulphonic acid colorimetric method; and ammonium nitrogen was measured by 2 mol·L−1 KCl leaching-distillation method.





2.5 Data analysis

Data were processed through Excel version 2021, and experimental data were tested for normality (S-W test) using SPSS 26.0. Data that were not normal were log-transformed to satisfy Chi-square and normality; a one-way ANOVA and significance of difference test (Duncan’s method) were performed; and the data in the graphs and charts are the mean ± standard error of the mean. Origin 2021 software was used for graphing, and correlation analysis was performed using the R4.0.1 ggcorr package (Huang et al., 2020).





3 Analysis of results



3.1 Descriptive statistics of carbon, nitrogen, and phosphorus in leaves of plants of different life forms

As shown in Table 3, the leaf carbon content (LCC) of the three life forms of plants ranged from 262.58 to 591.59, leaf nitrogen content (LNC) from 12.04 to 48.77, leaf phosphorus content (LPC) from 0.81 to 3.71, carbon-to-nitrogen ratio (C:N) from 8.47 to 39.99, carbon–phosphorus ratio (C:P) from 90.63 to 528.00, and nitrogen-to-phosphorus ratio (N:P) from 6.69 to 29.15. The carbon, nitrogen, and phosphorus contents of the leaves of the three types of plants were somewhat different. The mean values of LCC and C:N were higher in shrubs than in arbors and herbs; LNC and LPC were more elevated in herbs than in shrubs and herbs; and C:P and N:P were higher in arbors than in shrubs and herbs. Comparing the distribution of leaf carbon, nitrogen, and phosphorus contents of different life forms, it was found that the distribution of leaf carbon contents of the three life forms was the most stable with the smallest coefficient of variation, while the coefficient of variation of the carbon-to-nitrogen ratio was the largest.


Table 3 | Characteristics of carbon, nitrogen, and phosphorus distribution in leaves of different life forms.






3.2 Response of carbon, nitrogen, and phosphorus to altitude in different life forms

As shown in Figure 1, the leaf carbon, nitrogen, and phosphorus contents of different life forms of plants varied with altitude. Among them, shrubs’ and herbs’ LCC showed a decreasing trend with altitude, while the opposite was true for arbors, and the LCC of the three life forms did not vary significantly (p > 0.05) with change. Arbors’, shrubs’, and herbs’ LNC showed a very significant (p < 0.01) increasing trend with altitude, and herbs’ LNC content was higher than that of arbors’ and shrubs’. As the altitude rises, arbors’ LPC showed a very significant change (p < 0.01), and shrubs’ and herbs’ LPC did not change significantly (p > 0.05). Leave’s C:N of the three life forms showed a very significant (p < 0.01) decreasing trend with altitude. Arbors’ C:P showed a significant decreasing trend with altitude (p < 0.05), while shrubs’ and herbs’ C:P did not change significantly (p > 0.05). With increasing altitude, shrubs’ and herbs’ leaf N:P showed a very significant increasing trend (p < 0.01), while arbors’ leaf N:P did not change significantly (p > 0.05).




Figure 1 | Characteristics of different life forms with altitude. A, arbors; H, herbs; S, shrubs.






3.3 Effect of soil physical and chemical properties on leaf carbon, nitrogen, and phosphorus

As shown in Figure 2A, arbors’ LCC was significantly negatively correlated with TOC (p < 0.05), and LPC was very significantly positively correlated with LNC (p < 0.01). C:N was significantly negatively correlated with LNC and LPC (p < 0.01). C:P was very considerably negatively correlated with LNC and LPC (p < 0.01) and very significantly positively correlated with PH and C:N (p < 0.01). N:P was very considerably negatively correlated with LNC (p < 0.01) and very significantly positively correlated with C:N (p < 0.01).




Figure 2 | Correlation analysis between different living plants and soil physicochemical properties. (A) Arbors. (B) Shrubs. (C) Herbs.



As shown in Figure 2B, shrubs’ LCC showed a very significant negative correlation (p < 0.01) with nitrate nitrogen and a significant negative correlation (p < 0.05) with SBD. LPC showed a very significant positive correlation (p < 0.01) with LNC. C:N showed a significant negative correlation (p < 0.05) with LPC, nitrate nitrogen, and phosphorus as a whole, a very significant negative correlation (p < 0.01), and a significantly positive correlation with LCC (p < 0.05). C:P was significantly positively correlated with C:N (p < 0.05), significantly positively correlated with LCC (p < 0.01), significantly negatively correlated with LNC (p < 0.05), and significantly negatively correlated with LPC (p < 0.01). N:P was significantly negatively correlated with PH (p < 0.05), very significantly negatively correlated with C:N (p < 0.01), and very significantly positively correlated with LNC (p < 0.01).

As shown in Figure 2C, the herbs’ LCC was significantly positively correlated with SOC (p < 0.05) and significantly negatively correlated with nitrate nitrogen and SBD (p < 0.05). C:N was significantly negatively correlated with LNC and TN (p < 0.01). C:P was significantly negatively correlated with LPC (p < 0.01). N:P was significantly positively correlated with C:P (p < 0.05), very significantly positively correlated with LNC (p < 0.01), very significantly negatively correlated with C:N (p < 0.05), and very significantly negatively correlated with LPC (p < 0.01).

The study conducted a DCA analysis to analyze the carbon, nitrogen, and phosphorus contents of leaves of arbors, shrubs, and herbs at different altitudes in the study area concerning soil physicochemical characteristics. As shown in Table 4, the maximum sorting axis length was less than 3.0, so RDA was used to analyze the relationship between soil physicochemical characteristics and leaf carbon, nitrogen, and phosphorus.


Table 4 | DCA analysis of carbon, nitrogen, and phosphorus contents of leaves and soil physicochemical properties of different living plants.



Combining Figure 3A and Table 5, sorting axes 1 and 2 explained 57.18% and 28.98% of the variation in carbon, nitrogen, and phosphorus contents of arbor leaves, respectively, with a cumulative explanation of 86.16% for the first two axes. As seen from Table 3 and Figure 3C, soil moisture content (SM), soil bulk density (SBD), soil organic carbon (SOC), total Nitrogen (TN), total Phosphorus (TP), Nitrate nitrogen (NN), ammonium nitrogen (AN), and Available Phosphorus (AP) were positively correlated with axis 1, while potential of hydrogen (PH) and total dissolved solids (TDS) were negatively correlated with axis 1. Among them, the carbon, nitrogen, and phosphorus contents of arborvitae leaves were mainly significantly (p < 0.05) affected by SOC and SM. The effects of soil physical and chemical properties on the carbon, nitrogen, and phosphorus contents of arbor leaves were, in descending order: SOC > SM = PH > TN > AN > TP > NN > TDS > AP > SBD.




Figure 3 | Carbon, nitrogen, and phosphorus content of leaves of different living plants and soil RDA analysis. (A) Arbors. (B) Shrubs. (C) Herbs.




Table 5 | Analysis of leaf carbon, nitrogen, and phosphorus content as well as soil RDA of arbors.



Combining Figure 3B and Table 6, sorting axes 1 and 2 explained 58.59% and 24.30% of the variation in the carbon, nitrogen, and phosphorus contents of shrub leaves, respectively, with a cumulative explanation of 82.89% for the first two axes. As shown in Table 3 and Figure 3B, AN, AP, TDS, SM, SBD, SOC, TN, TP, and NN were positively correlated with axis 1, and PH was negatively correlated with axis 1. Among them, the shrub leaves’ carbon, nitrogen, and phosphorus contents were mainly significantly affected by SBD and NN (p < 0.05). The effects of soil physical and chemical properties on carbon, nitrogen, and phosphorus contents of shrub leaves were, in descending order, SBD > NN > TP > TN > PH > SM > AP > TDS > AN > SOC.


Table 6 | Analysis of leaf carbon, nitrogen, and phosphorus content as well as soil RDA of shrubs.



Combining Figure 3C and Table 7, we can see that sorting axes 1 and 2 explained 46.42% and 26.75% of the variation in carbon, nitrogen, and phosphorus contents of herb leaves, respectively, and the cumulative explanation rate of the first two axes amounted to 73.17%. As can be seen from the table and figure, PH, TDS, SBD, SOC, AN, and AP were positively correlated with axis 1, while SM, TN, TP, and NN were negatively correlated with axis 1. Among them, the carbon, nitrogen, and phosphorus contents of herb leaves were mainly significantly affected by AP (p < 0.05). The effects of soil physical and chemical properties on the carbon, nitrogen, and phosphorus contents of herb leaves were, in descending order: AP > AN > SOC > TP > SBD > NN > TN > TDS > SM > PH.


Table 7 | Analysis of leaf carbon, nitrogen, and phosphorus content as well as soil RDA of herbs.







4 Discussion



4.1 Characteristics of carbon, nitrogen, and phosphorus distribution in the leaves of different life forms of plants

The altitude gradient is a comprehensive environmental factor composed of temperature, light, moisture, radiation, and other factors. Habitat conditions at different altitude gradients have particular differences in how species adapt to the environment, thus producing a series of adaptive changes (Zhao et al., 2023). Plant leaves’ carbon, nitrogen, and phosphorus contents can reflect nutrient utilization efficiency and allocation strategies (Zhang et al., 2022). The leaf carbon content of the three life-forming plants in this study was lower than the global average (Reich and Oleksyn, 2004), which indicates that the plant carbon sequestration capacity in the study area is weak. The nitrogen and phosphorus contents of herb leaves in this study were higher than those of arbors and shrubs, which is consistent with the findings of Güsewell (2004). This is because herb plants are characterized by a faster growth rates and shorter life cycles compared with other plants (Thompson et al, 1997), which makes the absorption efficiency of nitrogen and phosphorus elements by leaves higher than that of other plants. The carbon-to-nitrogen and carbon-to-phosphorus ratios of plant leaves can, to some extent, reflect the efficiency of carbon sequestration in the absorption of nutrients by plants (Wang H. et al., 2023). The carbon-to-nitrogen and carbon-to-phosphorus ratios of shrub leaves in this study were higher than the global average; the opposite was true for herbs, which indicated that during the growing season, shrubs in the study area had a higher efficiency of element utilization. Herb plant leaves improved their photosynthetic capacity by storing nitrogen and phosphorus to proliferate (Li et al., 2023).

In this study, the carbon-to-nitrogen ratio of arbor leaves was higher than that of herbs. Since the growth rate of arbors was lower than that of herbs, arbors reduced the photosynthetic rate by increasing the carbon content in the leaves to improve their tolerance to high temperatures and drought (Wang J. J. et al., 2023). According to Koerselman and Meuleman (1996), when the nitrogen-to-phosphorus ratio of plant leaves is greater than 16, plant growth is mainly restricted by phosphorus, and when the nitrogen-to-phosphorus ratio is between 14 and 16, plant growth may be limited by both nitrogen and phosphorus; when the nitrogen–phosphorus ratio is less than 14, plant growth is mainly determined by nitrogen. The range of N:P ratios of plant leaves in the study area showed that plant growth was unilaterally and jointly limited by nitrogen and phosphorus, which may be related to the heterogeneous environments at different altitudes.

Different plants have different adaptations to the environment, so there are some differences in the internal stability of their carbon, nitrogen, and phosphorus contents (Liu et al., 2018). In this study, we found that the coefficient of variation for leaf carbon content was the smallest among different plant life forms, showing a specific internal stability. This finding is consistent with observations from Wang et al. (2021) on the carbon content of oil pine leaves. They believed that carbon acts as the main component of the cytoskeleton, and thus has strong stability. Additionally, our results support the study of Cao et al. (2020), who studied the carbon, nitrogen, and phosphorus content of Echinocactus gluteus leaves. It is also the same as the study of Cao et al. (2020) on plant leaves’ carbon, nitrogen, and phosphorus, which attributed to plants’ carbon uptake, mainly through photosynthesis, to fix carbon dioxide in the air. Therefore, the carbon content of plant leaves is more stable. The leaf C:N ratio primarily reflects the physiological regulation mechanism of plants (Zuo et al., 2021). The coefficients of variation of leaf C:N ratios were the largest in this study, which may be attributed to the enormous changes in the nitrogen content of plants due to the differences in habitats at different altitudes, leading to the large variability of C:N ratios.




4.2 Leaf carbon, nitrogen, and phosphorus response to altitude in different life forms of plants

Changes in the elevation gradient affect many environmental factors, and as the elevation gradient increases, light intensity increases. At the same time, temperature, air pressure, and carbon dioxide concentration decrease, and water and heat conditions in the environment are redistributed (Liu et al., 2020). As environmental conditions change, leaf functional traits of different life forms vary along the altitudinal gradient (Wang Z. H. et al., 2023). The leaf carbon content of the three plant life forms in this study did not change significantly with elevation, which is consistent with observations by He et al. (2023) and other studies. This is because carbon, as the main component of the cytoskeleton of plant leaves, is sensitive to changes in environmental stress; when plants are under adverse stressors like drought, high temperature, or other pressures, they improve their adaptive capacity by storing carbon in their leaves (Elser et al., 2000). However, the study area is located in the Yili River valley, which is endowed with a warm and humid “oceanic” climate (Li et al., 2016), which does not cause drought stress to plants in this area. Therefore, the carbon content is relatively stable. In this study, the nitrogen and phosphorus content of tree and shrub leaves increased with altitude, which is consistent with the observations of Han et al. (2005). According to the “temperature–plant physiological hypothesis” (Reich and Oleksyn, 2004), the nitrogen–phosphorus regulation mechanism of plants is mainly related to temperature. As the ambient temperature decreases with altitude, the efficiency of nitrogen-rich enzymes and phosphorus-rich RNA in cells is inhibited, and plants need to increase leaf nitrogen and phosphorus content to compensate for the increase in carbon content. Leaf nitrogen and phosphorus levels compensate for the decrease in physiological activity of the organism caused by low temperatures. Therefore, to some extent, the leaf nitrogen and phosphorus content of plants showed a significant upward trend with altitude. The present study showed that the phosphorus content of herbs was opposite that of trees and shrubs, which to some extent reflected the differences in survival strategies of plants with different lifestyles. Herbs adopted a “conservative strategy”. They adapted to the low temperature and high radiation environment at high altitudes by lowering the P content of their leaves.

The stoichiometric properties of carbon, nitrogen, and phosphorus in leaves can reflect plant adaptation strategies to habitats and patterns of nitrogen and phosphorus nutrient limitation (Wardle et al., 2004). Carbon-to-nitrogen and carbon-to-phosphorus ratios reflect the efficiency of nutrient uptake and utilization by plants (Wang et al., 2017). In this study, we found that the leaf carbon-to-nitrogen and carbon-to-phosphorus ratios of the three plant life forms decreased significantly with altitude. It showed that the nitrogen and phosphorus utilization efficiency of trees, shrubs, and herbs in the study area gradually decreased with increasing altitude. The nitrogen and phosphorus content of leaves at high altitudes was significantly higher than that at low altitudes, which may be attributed to the fact that the temperature at high altitudes is lower, the plant’s heat demand is limited, and the plant, to maintain normal life activities during the growing season, increases the photosynthetic and respiratory rates by increasing the content of nutrient elements in the leaves (Mooney and Billings, 1961).

The leaf nitrogen–phosphorus ratio can reflect the growth regulation mechanism of plants (Treutter, 2006), and the leaf nitrogen–phosphorus ratio of the three living plants in this study showed a significant increasing trend with altitude, which is similar to the findings of Müller et al. (2017). The growth rate hypothesis states that a low nitrogen–phosphorus ratio predicts a high growth rate and that plants allocate more phosphorus to ribosomal RNA to meet the rapid synthesis of proteins by ribosomes and to maintain the rapid growth of plants (Elser et al., 2003). Nitrogen–phosphorus ratios in the leaves of plants of different life forms increase with elevation, suggesting that the emphasis at low elevations is on self-growth. As altitude increases, the rate of plant growth slows. Koerselman and Meuleman (1996) suggested that when the nitrogen–phosphorus ratio of plant leaves is greater than 16, plant growth is mainly limited by phosphorus; when the nitrogen–phosphorus ratio is between 14 and 16, plant growth may be determined by a combination of nitrogen and phosphorus; and when the nitrogen–phosphorus ratio is less than 14, plant growth is mainly limited by nitrogen.

In this study, the nitrogen–phosphorus ratio of the leaves of the three plant life forms was less than 14 at 1,100~1,300 m above sea level, indicating that plant growth was more susceptible to nitrogen limitation at this altitude range. This is because the photosynthetic capacity of plants is higher at low altitudes than at high altitudes. The nitrogen content of plant leaves affects the photosynthetic capacity of plants. More nitrogen is used to build photosynthetic organs such as chloroplasts, which are therefore more susceptible to nitrogen limitation (Zhang X. et al., 2023, Zhang X. L. et al., 2023), which is basically consistent with the findings of Gong et al. (2020). At 1,300~1,400 m, leaf N:P ratios ranged from 14 to 16, indicating that plants at this altitude were co-limited by nitrogen and phosphorus. At 1,400~1,700 m, the leaf N:P ratio was greater than 16, indicating that the growth of community plants in the study area was more sensitive to phosphorus, which was consistent with the findings of Aerts and Chapin (1999), who reported that the development of forest communities in subtropical regions was mainly limited by soil P. This is because the only directly available phosphorus in the free state provided by the environment to plants is available phosphorus, which is less compared to the immediately available nitrogen (ammonium nitrogen and nitrate nitrogen).




4.3 Effect of soil physical and chemical properties on leaf carbon, nitrogen, and phosphorus

As an essential source of nutrient uptake by plants, the level of elemental content of the soil plays a crucial role in plant growth (Wang Y. et al., 2023). Due to the different survival strategies of plants with different life forms, the dependence on other elements in the soil is also foreign. In this study, it was found that the leaf carbon, nitrogen, and phosphorus of trees were significantly and positively correlated with soil organic carbon and soil moisture content, which is because the trees distributed in the study area are mainly deciduous trees, which pay more attention to leaf growth and have a higher photosynthetic capacity and nutrient uptake efficiency, which makes the leaves accumulate more carbon (Osada, 2017). Water, as one of the raw materials for leaf photosynthesis, is ultimately absorbed from the root conduit into the leaf (Yu et al., 2019), so soil water content is positively correlated with leaf water content. In shrub leaves, there was a significant positive correlation between carbon, nitrogen, phosphorus, and nitrate nitrogen. Herbs were positively affected by available phosphorus because the elements nitrogen and phosphorus are critical factors limiting plant growth in the ecosystem (Tong et al., 2019). The higher the content of available phosphorus and ammonium nitrogen in the soil, the more vigorously the plant is involved in physiological metabolism such as photosynthesis, respiration, and energy storage and transfer, which can promote the growth and development of the root system of the plant rooted in the deep soil to obtain water and improve the ability of plants to adapt to the environment (Tang et al., 2018).





5 Conclusions

In this paper, it was found that the nitrogen content and nitrogen–phosphorus ratio of shrubs and herbs in the study area increased significantly with the increase in altitude, and the carbon–nitrogen ratio decreased significantly with the increase in altitude. The contents of nitrogen and phosphorus in the leaves of tree plants and the ratio of carbon to nitrogen increased significantly with the increase of altitude, and the ratio of carbon to phosphorus decreased significantly with the increase in altitude. The soil physical and chemical factors affecting the content of carbon, nitrogen, and phosphorus in the leaves of different life forms are different. The carbon, nitrogen, and phosphorus in the leaves of trees are mainly affected by soil water content, pH, and organic carbon. The carbon, nitrogen, and phosphorus in the leaves of shrubs are mainly affected by soil bulk density and nitrate nitrogen. The carbon, nitrogen, and phosphorus in the leaves of herbaceous plants are mainly affected by soil-available phosphorus. The results also provide valuable information and support for vegetation restoration and protection measures.
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