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Studying key leaf functional traits is crucial for understanding plant resource utilization strategies and growth. To explore the patterns and driving factors of key leaf functional traits in forests along elevational gradients under global change, we collected survey data from 697 forests across China from 2008 to 2020. This study examined the elevational patterns of Specific Leaf Area (SLA, m²/kg), Leaf Dry Matter Content (LDMC, g/g), Leaf Nitrogen (LN, mg/g), and Leaf Phosphorus (LP, mg/g), and their responses to climate, soil nutrients, and stand factors. The results showed distinct differences in these key leaf traits at different elevational gradients. Generally, as elevation increased, SLA decreased, while LDMC significantly increased (P < 0.001), and LN first increase and then decreased (P < 0.001). The direct influence of elevation on the spatial variation of key leaf traits was greater than its indirect effects (through environmental and stand factors). The elevational patterns of leaf traits related to resource utilization strategies (SLA and LDMC) were mainly influenced by climate (temperature and precipitation) and soil nutrient factors, showing opposite trends in response to environmental changes. The patterns of leaf nutrient traits (LN and LP) along elevational gradients were primarily influenced by climatic factors, with LN exhibiting greater environmental plasticity. Compared to other stand factors, forest age predominantly influenced the spatial variation of key leaf traits, especially SLA. These findings have significant theoretical implications for revealing how plants adapt to global change.
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Introduction

Key leaf traits objectively reflect plant adaptation to environmental changes and significantly impact the structure and function of forest ecosystems (Wei et al., 2016). Common key leaf traits include Specific Leaf Area (SLA), Leaf Dry Matter Content (LDMC), Leaf Nitrogen (LN) content, and Leaf Phosphorus (LP) content (Wright et al., 2004). SLA and LDMC are commonly used to reflect trees’ resource utilization and allocation strategies (Kuppler et al., 2020; Wang et al., 2022a; Liu et al., 2023a). Leaf Nitrogen and Phosphorus contents are typically associated with trees’ growth rate and nutritional status (Tang et al., 2018). Studies have shown that the potential process of photosynthesis depends on leaf nitrogen (N) and phosphorus (P) concentrations, with trees having higher leaf N and P contents often exhibiting faster growth rates (Ellsworth et al., 2022).

Elevational gradients provide a unique natural laboratory for revealing variations in key leaf traits and their adaptations to environmental changes because they encapsulate a broad range of environmental conditions within a relatively confined geographical space (Gao and Liu, 2018). Changes in elevation are associated with systematic variations in temperature, moisture availability, and solar radiation, each of which can exert significant selective pressures on plant physiology (Shi et al., 2020; Wang et al., 2022b). Key leaf traits reflect the physiological and ecological adaptation strategies of plants under different environmental conditions (Li et al., 2021). Therefore, studying the variation patterns of key leaf traits along elevational gradients is crucial for understanding the survival and adaptation mechanisms of plants in different elevation environments (Zhang et al., 2021; Rixen et al., 2022). Moreover, research on elevational gradients can uncover how environmental factors such as climate change and soil nutrients, as well as stand factors like stand age and forest density, jointly influence key leaf traits, thereby providing a theoretical basis for predicting ecosystem functions in the context of global change. Thus, exploring the variation of key leaf traits across elevational gradients not only deepens our understanding of ecological processes but also provides strong support for species adaptive evolution and ecosystem management (Wang et al., 2022b).

Preliminary research has found that with increasing elevation, SLA significantly decreases and LDMC significantly increases, indicating a shift towards conservative survival strategies in plants (Bjorkman et al., 2018; Thomas et al., 2020). Leaf N content increases (Xu et al., 2021a), while leaf P content decreases, as low temperatures limit nitrogen mineralization rates, causing plants to accumulate more nitrogen in leaves to maintain adequate photosynthetic efficiency. Phosphorus elements are often harder for plants to absorb and utilize at high altitudes, resulting in lower leaf phosphorus content. However, some studies have observed decreases in leaf nitrogen and phosphorus contents with increasing elevation (Zhao et al., 2016; Zhang et al., 2023), suggesting that in certain ecosystems, low temperatures and soil nutrient limitations reduce the efficiency of nutrient absorption and utilization. Therefore, the patterns of key leaf traits along elevational gradients at the macro scale have not yet reached a consensus.

Along the elevational gradient, climatic factors, especially temperature and precipitation, undergo significant changes (An et al., 2020; Wang et al., 2022b). Numerous studies have found that key leaf traits are regulated by climatic factors. Under suitable temperature and precipitation conditions, trees allocate more resources to compete for light, increasing SLA and decreasing LDMC (Kuppler et al., 2020; Wang et al., 2022a; Zheng et al., 2024). Conversely, cold and arid environments increase survival stress in trees, forcing them to allocate more resources to survival. This is achieved by reducing SLA and increasing LDMC to prolong life span and slow growth, resulting in a conservative resource utilization strategy (Kramp et al., 2022; Yu et al., 2022). In cold environments, plant growth rates usually slow down, affecting their absorption and utilization of nutrients like nitrogen and phosphorus. Under drought conditions, plants may enhance nutrient acquisition by increasing root growth or altering root distribution (Wang et al., 2021a). Additionally, plants adjust the content and ratio of leaf nitrogen and phosphorus to adapt to water-limited environments (Tian et al., 2019). Furthermore, sunlight duration is another important climatic factor affecting key leaf traits. With decreasing elevation, the effective duration of sunlight reduces, leading trees to increase SLA and leaf nitrogen content and decrease LDMC. This strategy ensures efficient use of light energy and survival in intense resource competition (Reich et al., 1997).

Soil, as the direct living environment for plants, also plays a non-negligible role in key leaf traits (Wang et al., 2021b; Cui et al., 2022). Existing research shows that an increase in soil nitrogen typically leads to an increase in plant leaf nitrogen content. Higher soil nitrogen levels may cause a decrease in leaf LDMC, as plants might produce thinner, less fibrous leaves to optimize photosynthesis (Liu et al., 2021a; Pichon et al., 2022; Waring et al., 2023). Phosphorus limitation can lead to plants producing smaller leaves and higher LDMC to reduce growth demands and improve resource efficiency. Increased soil phosphorus enhances leaf phosphorus content, aiding in the synthesis of DNA and RNA and energy conversion processes, which could affect plant growth rates and leaf traits (Yang et al., 2023; Yan et al., 2024). Soil microbial activity is regulated by soil pH, and soil microbes participate in the decomposition of organic matter. Therefore, soil pH has a significant impact on plant nutrient utilization strategies and leaf nutrient traits (Kang et al., 2021; Han et al., 2023).

Forest age and stand density, among other stand factors, also have a critical impact on key leaf traits (Louis et al., 2012; Zhang et al., 2022). In the early stages of forest development, trees tend to grow rapidly, producing larger, thinner leaves (high SLA, low LDMC) to maximize photosynthesis. In the later stages of forest development, plants allocate more resources to structural reinforcement of leaves, thus increasing LDMC (Craven et al., 2018; Engbersen et al., 2022; Kramp et al., 2022). In high-density stands, competition among trees (especially for light) is more intense. This may lead to the production of smaller leaves (low SLA) and higher LDMC, adapting to lower light levels and increased competitive pressure. During the early stages of forest development, trees have a higher demand for soil nutrients, accelerating the absorption of N and P from the soil, resulting in higher leaf nitrogen and phosphorus contents (Li et al., 2017). In the later stages of forest development, the available nitrogen and phosphorus in the soil may decrease due to slower decomposition of organic matter and intensified competition between microbes and plants for nitrogen. Therefore, the leaf nitrogen and phosphorus contents in mature forests may be lower (Liu et al., 2021b, Liu et al., 2021c; Yang et al., 2021).

Based on field surveys and literature collection from 2008 to 2020, data from 697 forest sites across China were used to explore the patterns of key leaf traits along elevational gradients at a macro scale and their dominant factors. To address the above issues, we propose the following hypotheses: 1) With increasing elevation, SLA significantly decreases, and LDMC increases, indicating a more conservative plant resource utilization strategy. 2) Climatic factors are the dominant environmental factors influencing the variation of key leaf traits along elevational gradients, with stand factors (forest age) also playing a significant role. 3) The direct impact of climatic factors on the elevational variation patterns of key leaf traits is greater than their indirect effects (by affecting soil nutrient and stand factors).





Materials and methods




Research area and sample data

China boasts a rich variety of climate types and diverse forest ecosystems, with a forest cover of 24%. This study utilized data from 697 forests, collected through field surveys and literature between 2008 and 2020. Detailed sources are listed in Supplementary Table S1. 488 forest datasets from 67 sites were gathered through literature review, while the remaining 209 forest datasets from 20 sites were obtained from experiments conducted in this research. At each research site, we randomly selected at least four adjacent forest plots (30m × 30m), including typical zonal vegetation. We also recorded latitude, longitude, elevation, and slope of each site. In each plot, we mapped the spatial position of individual trees and collected the number of each tree species with a diameter at breast height (DBH) ≥ 1cm. All trees were identified by their scientific names and verified with actual herbarium specimens to confirm species identity. Forest age data was obtained through literature search and field visits, and stand density was calculated as the number of tree individuals per plot area. The forest age is primarily obtained by consulting historical records from local forestry bureaus and ecological stations, with a portion also acquired through reviewing literature sources.





Key leaf traits

During field surveys, in each forest plot, more than 20 mature and well-developed trees (dominant trees) of each species were selected. In this experiment, we measured the fresh single leaf area of leaves without petioles using a Japanese Cano Scan LIDE 110 portable leaf area meter. The fresh leaf weight was measured with an electronic balance (precision of 0.0001 g), and the leaves were then dried in an oven at 105°C before the temperature was lowered to 60°C. After drying, the leaf dry weight was measured with a 1/10000 electronic balance. SLA (m²/kg) was calculated as leaf area/dry leaf weight, and LDMC (g/g) as leaf dry weight/fresh leaf weight. The leaf nitrogen content (LN, mg/g) was determined using the Kjeldahl method, and the leaf phosphorus content (LP, mg/g) was determined using the Mo-Sb colorimetry (Gao et al., 2023).

Due to the varying species abundance among different species, which can lead to asymmetric competition, a mathematical average trait is insufficient to represent the overall functional trait characteristics of the entire community (Cadotte, 2017; Ray et al., 2023). Therefore, we used a species abundance-based Community Weighted Mean trait (CWM) to represent the trait values of the forest.

 

Here, CWM represents the community functional trait weighted characteristic value, Di represents the abundance of dominant tree species, and Traiti represents the selected functional trait.





Environmental data

The study extracted mean annual temperature (MAT), mean annual precipitation (MAP), and mean annual evaporation (MAE) at a spatial resolution of 1 km from WorldClim (https://www.worldclim.org, accessed on 1 August 2023). Annual sunshine duration (ASD) is another key environmental factor influencing plant resource utilization strategies (Coble et al., 2017), and data for this were obtained from the China Meteorological Administration Meteorological Data Center (http://data.cma.cn/site/index.html, accessed on 1 August 2023). Soil pH, total soil nitrogen (N), and available soil phosphorus (P) data for the top 30 cm of soil were extracted from a 250-meter resolution grid. The soil nitrogen data is available at http://www.csdn.store (accessed on 10 April 2023), and soil available phosphorus data can be found at https://www.osgeo.cn/data/wc137 (accessed on 10 April 2023).





Data analysis

We used Generalized Additive Models (GAMs) to explore the variation patterns of key leaf traits (SLA, LDMC, LN, and LP) at different elevational stages, where R2 represents the model’s goodness of fit, and the P-value indicates the level of significant difference. This approach utilizes both parametric and non-parametric components to reduce model risks inherent to linear models (Ravindra et al., 2019). The model can be summarized as:

 

where g is a link function, E(Yi) is the estimate for the responsible variable Yi, S1 is the smooth function of xi over different treatments, S2 is the smooth function of xi along spatial locations (Longitude and Latitude), xi (i = 1, 2, 3,…, 12) are the explanatory variables, and they are number of new rhizomes, new rhizome length, new rhizome diameter, etc.β0 is constant term and ei is the error term. This analysis was completed using the R package “mgcv” (version 4.3.1, R Core Team, 2023).

GAMs were also used to study the contributions of various environmental factors to the spatial variation of SLA, LDMC, LN, and LP, including climatic factors (mean annual temperature [MAT], mean annual precipitation [MAP], annual mean evaporation [MAE], annual sunshine duration [ASD]), soil factors (soil nitrogen [Soil N], soil phosphorus [Soil P], soil pH), and stand factors (forest slope, forest age, tree diameter at breast height [DBH], species richness, forest density). Heatmaps were used to show correlations between different environmental factors (climate, soil, stand factors), completed using the R package “linkET”.

Variance decomposition was employed to quantify the explanatory power of climate, soil, and stand factors on the spatial variation of key forest leaf traits (Figure 1). This analysis was conducted in the R language package “rdacca.hp” (Lai et al., 2022). The independent contribution of each potential influencing factor to key leaf nutrient traits’ spatial variation was explored using the machine learning method of boosted regression trees, with a significance level of 0.05 for significant difference testing, performed in the R package “gbm”.




Figure 1 | Relative effects of multiple factors on key leaf functional traits. Key leaf functional traits include: (A) specific leaf area (SLA); (B) leaf dry matter content (LDMC); (C) leaf nitrogen content (LN); and (D) leaf phosphorus content (LP). Climatic factors include: mean annual temperature (MAT); mean annual precipitation (MAP); mean annual evaporation (MAE); and annual sunshine duration (ASD). Soil factors include: soil total nitrogen content (Soil N); soil available phosphorus (Soil P); and soil pH. Stand factor includes forest age. All leaf functional trait data are log-transformed. The averaged parameter estimates (standardized regression coefficients) of the model predictors are shown with their associated 95% confidence intervals along with the relative importance of each factor, expressed as the percentage of explained variance. The adjusted (adj.) R2 of the averaged model and the P value of each factor are given as: ***P < 0.001; **P < 0.01; *P < 0.05.



Piecewise Structural Equation Modeling (piecewiseSEM) was used to explore the impact pathways of climatic factors, soil nutrient factors, and stand factors on key leaf traits. All observed variables were initially grouped as composite variables and included in the SEM. To validate the reliability of the relationships between key ecological factors and key leaf traits, we used piecewiseSEM to elucidate the random effects of sampling points and provide “marginal” and “conditional” contributions of environmental predictors. These analyses were conducted using the “piecewiseSEM” “nlme” and “lme4” packages.






Results




Elevational pattern of key leaf traits

The results of the Generalized Additive Model (GAM) showed clear differences in key functional traits at different elevational gradients (Figure 2). Overall, as elevation increased, SLA showed a decreasing trend (Supplementary Figure 1A), while LDMC significantly increased (P < 0.001; Supplementary Figure 1B). Similarly, LN and LP significantly increased with elevation (P < 0.001; Supplementary Figures 1C, D).




Figure 2 | Geographic location of forest sample sites in this study and correlation analysis of key leaf functional traits with elevation. (A) Distribution of sample sites; (B–E) Relationship between key leaf functional traits and elevation. SLA represents specific leaf area, LDMC represents leaf dry matter content, LN represents leaf nitrogen content, LP represents leaf phosphorus content. All leaf functional trait data are log-transformed. R2 represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.







Climatic factors influencing key leaf traits

As MAT increased, SLA significantly increased and LDMC significantly decreased (P < 0.001; Figure 3). With the increase in MAT, LN showed an upward trend while LP showed a downward trend (Figures 3I, M). As MAP increased, both LN and LP showed a decreasing trend (Figures 3J, N), with LN exhibiting stronger climatic plasticity (generally higher R2; Figures 3I, L).




Figure 3 | Relationship between key leaf functional traits and climatic factors. SLA, specific leaf area; LDMC, leaf dry matter content; LN, leaf nitrogen content; LP, leaf phosphorus content. Climatic factors include: mean annual temperature (MAT); mean annual precipitation (MAP); mean annual evaporation (MAE); and annual sunshine duration (ASD). All leaf functional trait data are log-transformed. R2 represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.







Soil nutrient factors influencing key leaf traits

Soil nutrient factors (soil N, soil P, and soil pH) had the highest predictive effect on the variation of LN (Figures 4G–I). SLA and LDMC showed opposite trends in response to changes in soil nutrients (Figures 4A–F), while LN and LP showed similar trends in response to soil nutrient factors (Figures 4G–L).




Figure 4 | Relationship between key leaf functional traits and soil nutrient factors. SLA, specific leaf area; LDMC, leaf dry matter content; LN, leaf nitrogen content; LP, leaf phosphorus content. Soil factors include: soil total nitrogen content (Soil N); soil available phosphorus content (Soil P); and soil pH. All leaf functional trait data are log-transformed. R2 represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.







Stand factors influencing key leaf traits

Compared to other stand factors, forest age had the strongest explanatory power for the spatial variation of key leaf traits (Figure 5). With increasing forest age, SLA showed an increasing trend (Figure 5B), LDMC showed a decreasing trend (Figure 5G), and LN and LP showed similar trends (Figures 5L, Q).




Figure 5 | Relationship between key leaf functional traits and stand factors. SLA, specific leaf area; LDMC, leaf dry matter content; LN, leaf nitrogen content; LP, leaf phosphorus content; DBH, diameter at breast height. All leaf functional trait data are log-transformed. R2 represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.







Direct and indirect effects of environmental factors on the elevational variation of key leaf traits

There is a significant correlation between the potential influencing factors of functional traits (Figure 6). Variance decomposition results indicated that leaf nutrient traits (LN and NP) have stronger (higher R2) environmental plasticity compared to traits related to resource utilization strategies (SLA and LDMC) (Figure 1). Climatic factors (R2 = 0.15, R2 = 0.10) were the primary environmental factors influencing key leaf nutrient traits (LN and LP), though soil and stand factors also played significant roles (Figures 1C, D). Stand factors had the highest explanatory power for the spatial variation of SLA (R2 = 0.059; Figure 1A), while soil nutrient factors were the dominant environmental factors for the spatial variation of LDMC (R2 = 0.036; Figure 1B).




Figure 6 | Multivariate correlation analysis of potential influencing factors of key leaf functional traits. (A) specific leaf area (SLA); (B) leaf dry matter content (LDMC); (C) leaf nitrogen content (LN); (D) leaf phosphorus content (LP). MAT, mean annual temperature; MAP, mean annual precipitation; MAE, mean annual evaporation; ASD, annual sunshine duration; Soil N, soil total nitrogen content; Soil P, soil available phosphorus content. All leaf functional trait data are log-transformed. Asterisks indicate levels of significance (***P < 0.001; **P < 0.01; *P < 0.05).



Results from the boosted regression tree model indicated that forest age had the strongest independent explanatory power for the spatial variation of SLA compared to other environmental factors (explaining 67.25%; Figure 7A). Soil P was the dominant environmental factor for the spatial variation of LDMC (explaining 32.1%; Figure 7B), and climatic factors were the main drivers for the spatial variation of LN and LP (Figures 7C, D).




Figure 7 | The relative importance of predictors in affecting key leaf functional traits. (A) specific leaf area (SLA); (B) leaf dry matter content (LDMC); (C) leaf nitrogen content (LN); (D) leaf phosphorus content (LP). MAT, mean annual temperature; MAP, mean annual precipitation; MAE, mean annual evaporation; ASD, annual sunshine duration; Soil N, soil total nitrogen content; Soil P, soil available phosphorus. All leaf functional trait data are log-transformed. Percentage increase in mean square error (MSE, %) of variables are used to estimate the importance of these predictors, and higher MSE% values imply more important predictors. Asterisks indicate levels of significance (***P < 0.001; **P < 0.01; *P < 0.05).



The SEM model results showed that elevation could not only directly affect SLA and LDMC but also indirectly through its impact on forest age and soil nutrients (Figures 8A, B). Elevation also directly influenced LN and LP, as well as indirectly through its impact on climatic factors (Figures 8C, D). Overall, the direct impact of elevation on the spatial variation of key leaf traits was greater than its indirect effects (Figure 8).




Figure 8 | Direct and indirect driving factors affecting key leaf functional traits. Path diagrams represent the standardized results of final structural equation model (SEM) examining the relationships among variables. Numbers alongside the pathways indicate the standardized SEM coefficients, with asterisks indicating significant differences (***P < 0.001; **P < 0.01; *P < 0.05). The thickness of the arrow indicates the relative size of the path coefficient. R2 represents the proportion of variance for each explanatory variable. All leaf functional trait data are log-transformed.








Discussion

Trees at different elevations adopt varying survival strategies to adapt to complex habitats, often reflected in changes in key leaf traits. Our results indicate that trees in lower elevations possess higher SLA and lower LDMC, while those in higher elevations have lower SLA and higher LDMC. Rixen et al. (2022) studied intraspecific variation in aboveground functional traits across 66 alpine plant species in four countries, exploring how these traits vary with elevation. They found that SLA significantly decreases and LDMC significantly increases with increasing elevation. These findings are consistent with the results of our study. This is primarily because lower elevation areas generally have better water and thermal conditions (Supplementary Figure 2) (Gao and Liu, 2018), leading trees to adopt faster investment-return resource utilization strategies to cope with biotic competition in the community. These trees typically increase their light capture area, reduce leaf construction investment, resulting in higher SLA and lower LDMC (Coble et al., 2017). In contrast, higher elevation areas are generally characterized by colder temperatures, less rainfall, and fewer available soil nutrients (Supplementary Figures 2, 3). Trees in these areas face survival pressure mainly from these environmental factors and adopt conservative survival strategies by reducing leaf area and increasing leaf construction investment, typically resulting in lower SLA and higher LDMC (Liu et al., 2023a). With increasing elevation, LN and LP also tend to increase. Xu et al. (2021a) sampled 428 plant individuals across 18 sampling sites along a 3000-meter elevation gradient on Gongga Mountain in China and found that leaf nitrogen content increased with elevation, consistent with the results of our study. This is mainly because the rise in elevation is usually accompanied by a decrease in temperature. Under low temperature conditions, trees’ metabolic rates decrease, leading to an increased demand for nitrogen and phosphorus to maintain normal physiological functions (Michaletz, 2018). Additionally, soils in high-altitude areas are often poor, with fewer available nutrients such as nitrogen and phosphorus. Trees adapt to these nutrient-poor environments by enhancing the efficiency of nitrogen and phosphorus absorption in roots, thereby accumulating more nitrogen and phosphorus in their leaves (Wang et al., 2021a). Our study emphasizes the significant influence of elevation on functional traits, and the observed variation in key leaf traits along the elevational gradient aligns with the leaf economics spectrum theory (Wright et al., 2004). Our findings are crucial for understanding plant adaptation, competition, ecosystem functioning, and responses to climate change across different elevations, providing valuable insights for future ecological research and forest management.

We also found that with increasing temperature, SLA significantly increases, and LDMC significantly decreases (Figures 3A, E). Wei et al. (2023) found that warming significantly increased SLA based on a seven-year field warming experiment, which is also consistent with our findings. This is because as temperatures rise, trees often increase their leaf area to enhance photosynthesis, thus more effectively utilizing available light. Higher SLA indicates thinner leaves, which is beneficial for light capture and gas exchange in photosynthesis (Huang et al., 2020). Increased temperatures also lead to a reduction in the accumulation of organic carbon compounds (such as cellulose and lignin) in leaves, thereby lowering LDMC. This reduction in investment in light energy allows the plant to be more efficient in growth and metabolic processes (Shi et al., 2022). As temperature increases, LN shows an increasing trend (Figure 3I), while with increased precipitation, both LN and LP tend to decrease (Figures 3J, N), which is consistent with the study findings of Chen et al. (2013). This may be because rising temperatures enhance soil microbial activity, increasing nitrogen release in the soil. Plants effectively absorb this nitrogen through their vascular systems, indirectly increasing leaf nitrogen content (Xu et al., 2021b). With continued increases in precipitation, surface runoff and subsurface flow carry away a significant amount of soil organic matter, leading to nutrient (especially nitrogen and phosphorus) depletion in the soil. Therefore, intense rainfall results in lower nitrogen and phosphorus content in plant leaves (Wang et al., 2014).

Soil, as the immediate living environment for plants, significantly influences key leaf traits. Our study found that as soil nitrogen (N) content increases, leaf nitrogen (LN) initially decreases and then increases (Figure 4G), which is consistent with the study findings of Chen et al. (2013). This is because when soil nitrogen content is low, plants are limited by nitrogen nutrition. They adapt by expanding their root system to seek more nitrogen sources and reduce the allocation of nitrogen in their leaves to cope with nitrogen deficiency (Wang et al., 2022c). As soil nitrogen content increases, plants can more easily absorb nitrogen. This leads to an increase in nitrogen content in leaves, enhancing photosynthesis efficiency and growth rate (Waring et al., 2023). With an increase in soil phosphorus, leaf nitrogen and phosphorus contents decrease (Figures 4H, K), which is contrary to the findings of Chen et al., 2013; Chen et al., 2024. According to the Nutrient Balance Theory, when a particular nutrient in the soil (e.g., phosphorus) becomes abundant, plants may alter their absorption and distribution strategies for other nutrients (e.g., nitrogen) to maintain nutrient balance (Li et al., 2023). In such cases, even if nitrogen is abundant, plants might reduce nitrogen absorption, leading to a decrease in leaf nitrogen content. The Dilution Effect also suggests that as leaf phosphorus content increases, plant growth may accelerate, causing a relative dilution of absolute nitrogen and phosphorus contents in leaves compared to the total leaf mass (Zhang et al., 2022; Liang et al., 2023). Therefore, even though the total nitrogen and phosphorus content in plants increases, the concentrations of nitrogen and phosphorus calculated per dry leaf weight might decrease. With increasing soil pH, the nitrogen and phosphorus contents in plant leaves significantly increase (Figures 4I, L), which is contrary to the findings of Lin et al. (2022). This discrepancy may be because acidic soil conditions can inhibit the release of soil nitrogen and phosphorus by affecting microbial activity (Liu et al., 2023b). As the pH rises, soil nitrogen and phosphorus gradually release, indirectly increasing the nitrogen and phosphorus content in plant leaves.

In addition to climatic and soil nutrient factors, stand factors, particularly forest age, significantly influence key leaf traits. As forest age increases, SLA significantly increases, LDMC decreases, and both LN and LP significantly decrease (Figure 5). Zhang et al. (2024) also found in their study on resource utilization strategies of trees in planted and natural forests that SLA significantly increases and LDMC significantly decreases with increasing forest age, which is consistent with our findings. As forest age changes, photosynthetic capacity and nutrient demand generally shift as trees grow. Trees at different growth stages exhibit substantial differences in physiological processes and nutrient requirements, leading to changes in resource utilization strategies and nutrient stoichiometry characteristics with increasing forest age (Zhang et al., 2022). As trees grow and mature, they may allocate more resources to the growth and maintenance of stems and roots rather than leaves (Deng et al., 2024). This means that with increasing forest age, leaf nitrogen and phosphorus accumulation may decrease to support the growth of other parts of the tree. With forest development, tree diversity increases, intensifying intra- and interspecific competition. Trees respond by increasing their light-catching surface area, typically resulting in higher SLA and reduced LDMC (Bongers et al., 2020). This competition also leads to a reduction in soil nitrogen and phosphorus content, indirectly decreasing LN and LP levels.

Leaf nutrient traits (LN and NP) exhibit greater environmental plasticity compared to traits associated with resource utilization strategies (SLA and LDMC) (Figures 1–8). In the study on the variation of plant leaf functional traits along environmental gradients and their driving factors, Akram et al. (2023) found that LN and LP are more influenced by environmental factors, particularly soil nutrients, than SLA and LDMC, which is consistent with our findings. This is primarily because they are directly related to the availability of nutrients in the environment and can quickly adjust to accommodate environmental changes (Guo et al., 2021). In contrast, SLA and LDMC, which reflect plants’ long-term adaptation strategies, change more slowly and steadily (Pierce et al., 2017). We found that stand factors, such as forest age, have the most significant direct impact on traits related to resource utilization strategies (SLA and LDMC), while climatic factors have the greatest direct influence on leaf nutrient traits (LN and LP). This is mainly because stand factors (especially forest age) directly affect traits related to resource utilization strategies by influencing plant growth strategies and resource allocation. On the other hand, climatic factors directly impact leaf nutrient traits by altering nutrient cycling and plant physiological processes, reflecting plants’ adaptability and ecological strategies under different environmental conditions (Liu et al., 2019).

Elevation not only directly affects key leaf traits but also indirectly influences them by regulating climatic, soil nutrient, and stand characteristics, with its direct impact being greater than its indirect impact (Figure 8). This is primarily because high-elevation environments typically present extreme physiological stress conditions, such as low temperatures, intense ultraviolet radiation, and low oxygen environments. These conditions have a direct and significant impact on plant physiological processes, forcing plants to adapt directly to survive (Abbas et al., 2022). Moreover, environmental changes caused by elevation changes (such as temperature, humidity, and light) are rapid and direct. These environmental factors directly affect plants, influencing their growth and development processes, leading to rapid adjustments in leaf traits (Supplementary Figure 4). Additionally, elevation’s impact on indirect factors like climate, soil nutrients, and stand characteristics is usually more complex and time-lagged (Gao and Liu, 2018). Therefore, although both direct and indirect effects of elevation influence plant leaf traits, in many cases, the direct effects, due to their immediacy, intensity, and necessity for physiological adaptation, may have a more significant impact on plants in the short term.





Conclusions

This extensive research across various forests in China illuminates how key leaf functional traits adapt along elevational gradients, crucial for understanding plant strategies under global change. Findings reveal that with increasing elevation, SLA decreases, while LDMC, LN, and LP significantly increase. These changes are predominantly influenced by climatic and soil nutrient factors, with forest age also playing a significant role. The study highlights the substantial impact of elevation on plant functional traits, offering insights into plant adaptation strategies and guiding future ecological research and forest management.
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Supplementary Figure 1 | Relationship between key leaf functional traits and elevation. (A) Specific leaf area (SLA); (B) Leaf dry matter content (LDMC); (C) Leaf nitrogen content (LN); (D) Leaf phosphorus content (LP). All leaf functional trait data are log-transformed. R² represents the goodness of fit for the Linear Regression Model, and P-value indicates the level of significance.

Supplementary Figure 2 | Relationship between climatic factors and elevation. (A) Mean annual temperature (MAT); (B) Mean annual precipitation (MAP); (C) Mean annual evaporation (MAE); (D) Annual sunshine duration (ASD). R² represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.

Supplementary Figure 3 | Relationship between soil nutrient factors and elevation. (A) Soil total nitrogen content (Soil N); (B) Soil available phosphorus content (Soil P); (C) Soil pH. R² represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.

Supplementary Figure 4 | Relationship between stand factors and elevation. (A) Forest slope; (B) Forest age; (C) Diameter at breast height (DBH); (D) Species richness; (E) Forest density. R² represents the goodness of fit for the Generalized Additive Model, and P-value indicates the level of significance.




References

 Abbas, M., Sharma, G., Dambire, C., Marquez, J., Alonso-Blanco, C., Proaño, K., et al. (2022). An oxygen-sensing mechanism for angiosperm adaptation to altitude. Nature 606, 565–569. doi: 10.1038/s41586-022-04740-y

 Akram, M. A., Wang, X., Shrestha, N., Zhang, Y., Sun, Y., Yao, S., et al. (2023). Variations and driving factors of leaf functional traits in the dominant desert plant species along an environmental gradient in the drylands of China. Sci. Total Environ. 897, 165394. doi: 10.1016/j.scitotenv.2023.165394

 An, H., Zhao, Y., and Ma, M. (2020). Precipitation controls seed bank size and its role in alpine meadow community regeneration with increasing altitude. Glob. Change Biol. 26, 5767–5777. doi: 10.1111/gcb.15260

 Bjorkman, A. D., Myers-Smith, I. H., Elmendorf, S. C., Normand, S., Rüger, N., Beck, P. S. A., et al. (2018). Plant functional trait change across a warming tundra biome. Nature 562, 57–62. doi: 10.1038/s41586-018-0563-7

 Bongers, F. J., Schmid, B., Sun, Z., Li, Y., Härdtle, W., von Oheimb, G., et al. (2020). Growth–trait relationships in subtropical forest are stronger at higher diversity. J. Ecol. 108, 256–266. doi: 10.1111/1365-2745.13242

 Cadotte, M. W. (2017). Functional traits explain ecosystem function through opposing mechanisms. Ecol. Lett. 20, 989–996. doi: 10.1111/ele.12796

 Chen, Y., Han, W., Tang, L., Tang, Z., and Fang, J. (2013). Leaf nitrogen and phosphorus concentrations of woody plants differ in responses to climate, soil and plant growth form. Ecography 36, 178–184. doi: 10.1111/j.1600-0587.2011.06833.x

 Chen, Y., Li, Y., Wang, L., Duan, Y., Cao, W., Wang, X., et al. (2024). Heterogeneity of leaf stoichiometry of different life forms along environmental transects in typical ecologically fragile areas of China. Sci. Total Environ. 910, 168495. doi: 10.1016/j.scitotenv.2023.168495

 Coble, A. P., Fogel, M. L., and Parker, G. G. (2017). Canopy gradients in leaf functional traits for species that differ in growth strategies and shade tolerance. Tree Physiol. 37, 1415–1425. doi: 10.1093/treephys/tpx048

 Core Team, R. (2023). R: A language and environment for statistical computing. Available online at: https://www.r-project.org/ (accessed July 5, 2023).

 Craven, D., Eisenhauer, N., Pearse, W. D., Hautier, Y., Isbell, F., Roscher, C., et al. (2018). Multiple facets of biodiversity drive the diversity–stability relationship. Nat. Ecol. Evol. 2, 1579–1587. doi: 10.1038/s41559-018-0647-7

 Cui, E., Lu, R., Xu, X., Sun, H., Qiao, Y., Ping, J., et al. (2022). Soil phosphorus drives plant trait variations in a mature subtropical forest. Glob. Change Biol. 28, 3310–3320. doi: 10.1111/gcb.16148

 Deng, X., Xiao, W., Zeng, L., Lei, L., Xu, J., Xin, X., et al. (2024). Trade-off of NSC allocation in response to the phosphorus limitation caused by increased stand age in Pinus massoniana. For. Ecol. Manage. 561, 121883. doi: 10.1016/j.foreco.2024.121883

 Ellsworth, D. S., Crous, K. Y., De Kauwe, M. G., Verryckt, L. T., Goll, D., Zaehle, S., et al. (2022). Convergence in phosphorus constraints to photosynthesis in forests around the world. Nat. Commun. 13, 5005. doi: 10.1038/s41467-022-32545-0

 Engbersen, N., Stefan, L., Brooker, R. W., and Schöb, C. (2022). Using plant traits to understand the contribution of biodiversity effects to annual crop community productivity. Ecol. Appl. 32, e02479. doi: 10.1002/eap.2479

 Gao, J., Ji, Y., and Zhang, X. (2023). Net primary productivity exhibits a stronger climatic response in planted versus natural forests. For. Ecol. Manage. 529, 120722. doi: 10.1016/j.foreco.2022.120722

 Gao, J., and Liu, Y. (2018). Climate stability is more important than water–energy variables in shaping the elevational variation in species richness. Ecol. Evol. 8, 6872–6879. doi: 10.1002/ece3.4202

 Guo, Y., Yan, Z., Zhang, Y.-W., Zhou, G., Xie, Z., and Tang, Z. (2021). Environmental constraints on the inter-genus variation in the scaling relationship between leaf nitrogen and phosphorus concentrations. J. Plant Ecol. 14, 616–627. doi: 10.1093/jpe/rtab016

 Han, M., Chen, Y., Sun, L., Yu, M., Li, R., Li, S., et al. (2023). Linking rhizosphere soil microbial activity and plant resource acquisition strategy. J. Ecol. 111, 875–888. doi: 10.1111/1365-2745.14067

 Huang, X., Li, S., and Su, J. (2020). Selective logging enhances ecosystem multifunctionality via increase of functional diversity in a Pinus yunnanensis forest in Southwest China. For. Ecosyst. 7, 55. doi: 10.1186/s40663-020-00267-8

 Kang, E., Li, Y., Zhang, X., Yan, Z., Wu, H., Li, M., et al. (2021). Soil pH and nutrients shape the vertical distribution of microbial communities in an alpine wetland. Sci. Total Environ. 774, 145780. doi: 10.1016/j.scitotenv.2021.145780

 Kramp, R. E., Liancourt, P., Herberich, M. M., Saul, L., Weides, S., Tielbörger, K., et al. (2022). Functional traits and their plasticity shift from tolerant to avoidant under extreme drought. Ecology 103, e3826. doi: 10.1002/ecy.3826

 Kuppler, J., Albert, C. H., Ames, G. M., Armbruster, W. S., Boenisch, G., Boucher, F. C., et al. (2020). Global gradients in intraspecific variation in vegetative and floral traits are partially associated with climate and species richness. Glob. Ecol. Biogeogr. 29, 992–1007. doi: 10.1111/geb.13077

 Lai, J., Zou, Y., Zhang, J., and Peres-Neto, P. R. (2022). Generalizing hierarchical and variation partitioning in multiple regression and canonical analyses using the rdacca.hp R package. Methods Ecol. Evol. 13, 782–788. doi: 10.1111/2041-210X.13800

 Li, H., Crabbe, M. J. C., Xu, F., Wang, W., Ma, L., Niu, R., et al. (2017). Seasonal variations in carbon, nitrogen and phosphorus concentrations and C:N:P stoichiometry in different organs of a Larix principis-rupprechtii Mayr. plantation in the Qinling Mountains, China. PloS One 12, 0185163. doi: 10.1371/journal.pone.0185163

 Li, J., Liu, Z.-F., Jin, M.-K., Zhang, W., Lambers, H., Hui, D., et al. (2023). Microbial controls over soil priming effects under chronic nitrogen and phosphorus additions in subtropical forests. ISME J. 17, 2160–2168. doi: 10.1038/s41396-023-01523-9

 Li, Y., Liu, C., Xu, L., Li, M., Zhang, J., and He, N. (2021). Leaf trait networks based on global data: representing variation and adaptation in plants. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.710530

 Liang, S., Tan, T., Wu, D., Li, C., Jing, H., and Wu, J. (2023). Seasonal variations in carbon, nitrogen, and phosphorus of Pinus yunnanenis at different stand ages. Front. Plant Sci. 14. doi: 10.3389/fpls.2023.1107961

 Lin, Y., Lai, Y., Tang, S., Qin, Z., Liu, J., Kang, F., et al. (2022). Climatic and edaphic variables determine leaf C, N, P stoichiometry of deciduous Quercus species. Plant Soil 474, 383–394. doi: 10.1007/s11104-022-05342-3

 Liu, C., Jiang, M., Yuan, M. M., Wang, E., Bai, Y., Crowther, T. W., et al. (2023b). Root microbiota confers rice resistance to aluminium toxicity and phosphorus deficiency in acidic soils. Nat. Food 4, 912–924. doi: 10.1038/s43016-023-00848-0

 Liu, J., Fang, X., Tang, X., Wang, W., Zhou, G., Xu, S., et al. (2019). Patterns and controlling factors of plant nitrogen and phosphorus stoichiometry across China’s forests. Biogeochemistry 143, 191–205. doi: 10.1007/s10533-019-00556-7

 Liu, X., Shi, X., and Zhang, S. (2021a). Soil abiotic properties and plant functional diversity co-regulate the impacts of nitrogen addition on ecosystem multifunctionality in an alpine meadow. Sci. Total Environ. 780, 146476. doi: 10.1016/j.scitotenv.2021.146476

 Liu, X., Wang, Z., Zheng, K., Han, C., Li, L., Sheng, H., et al. (2021b). Changes in soil carbon and nitrogen stocks following degradation of alpine grasslands on the Qinghai-Tibetan Plateau: A meta-analysis. Land Degrad. Dev. 32, 1262–1273. doi: 10.1002/ldr.3796

 Liu, Y., Zhang, G., Luo, X., Hou, E., Zheng, M., Zhang, L., et al. (2021c). Mycorrhizal fungi and phosphatase involvement in rhizosphere phosphorus transformations improves plant nutrition during subtropical forest succession. Soil Biol. Biochem. 153, 108099. doi: 10.1016/j.soilbio.2020.108099

 Liu, Z., Zhao, M., Zhang, H., Ren, T., Liu, C., and He, N. (2023a). Divergent response and adaptation of specific leaf area to environmental change at different spatio-temporal scales jointly improve plant survival. Glob. Change Biol. 29, 1144–1159. doi: 10.1111/gcb.16518

 Louis, J., Genet, H. L. N., Meyer, S., Soudani, K., Montpied, P., Legout, A., et al. (2012). Tree age-related effects on sun acclimated leaves in a chronosequence of beech (Fagus sylvatica) stands. Funct. Plant Biol. 39, 323–331. doi: 10.1071/FP11248

 Michaletz, S. T. (2018). Evaluating the kinetic basis of plant growth from organs to ecosystems. New Phytol. 219, 37–44. doi: 10.1111/nph.15015

 Pichon, N. A., Cappelli, S. L., and Allan, E. (2022). Intraspecific trait changes have large impacts on community functional composition but do not affect ecosystem function. J. Ecol. 110, 644–658. doi: 10.1111/1365-2745.13827

 Pierce, S., Negreiros, D., Cerabolini, B. E. L., Kattge, J., Díaz, S., Kleyer, M., et al. (2017). A global method for calculating plant CSR ecological strategies applied across biomes world-wide. Funct. Ecol. 31, 444–457. doi: 10.1111/1365-2435.12722

 Ravindra, K., Rattan, P., Mor, S., and Aggarwal, A. N. (2019). Generalized additive models: Building evidence of air pollution, climate change and human health. Environ. lnt. 132, 104987. doi: 10.1016/j.envint.2019.104987

 Ray, T., Delory, B. M., Beugnon, R., Bruelheide, H., Cesarz, S., Eisenhauer, N., et al. (2023). Tree diversity increases productivity through enhancing structural complexity across mycorrhizal types. Sci. Adv. 9, eadi2362. doi: 10.1126/sciadv.adi2362

 Reich, P. B., Walters, M. B., and Ellsworth, D. S. (1997). From tropics to tundra: Global convergence in plant functioning. Proc. Natl. Acad. Sci. U.S.A. 94, 13730–13734. doi: 10.1073/pnas.94.25.13730

 Rixen, C., Wipf, S., Rumpf, S. B., Giejsztowt, J., Millen, J., Morgan, J. W., et al. (2022). Intraspecific trait variation in alpine plants relates to their elevational distribution. J. Ecol. 110, 860–875. doi: 10.1111/1365-2745.13848

 Shi, P., Preisler, H. K., Quinn, B. K., Zhao, J., Huang, W., Röll, A., et al. (2020). Precipitation is the most crucial factor determining the distribution of moso bamboo in Mainland China. Glob. Ecol. Conserv. 22, e00924. doi: 10.1016/j.gecco.2020.e00924

 Shi, Y., Ke, X., Yang, X., Liu, Y., and Hou, X. (2022). Plants response to light stress. J. Genet. Genomics 49, 735–747. doi: 10.1016/j.jgg.2022.04.017

 Tang, Z., Xu, W., Zhou, G., Bai, Y., Li, J., Tang, X., et al. (2018). Patterns of plant carbon, nitrogen, and phosphorus concentration in relation to productivity in China’s terrestrial ecosystems. Proc. Natl. Acad. Sci. U.S.A. 115, 4033–4038. doi: 10.1073/pnas.1700295114

 Thomas, H. J. D., Bjorkman, A. D., Myers-Smith, I. H., Elmendorf, S. C., Kattge, J., Diaz, S., et al. (2020). Global plant trait relationships extend to the climatic extremes of the tundra biome. Nat. Commun. 11, 1–12. doi: 10.1038/s41467-020-15014-4

 Tian, D., Yan, Z., Ma, S., Ding, Y., Luo, Y., Chen, Y., et al. (2019). Family-level leaf nitrogen and phosphorus stoichiometry of global terrestrial plants. Sci. China Life Sci. 62, 1047–1057. doi: 10.1007/s11427-019-9584-1

 Wang, G., Wu, B., Zhang, L., Jiang, H., and Xu, Z. (2014). Role of soil erodibility in affecting available nitrogen and phosphorus losses under simulated rainfall. J. Hydrol. 514, 180–191. doi: 10.1016/j.jhydrol.2014.04.028

 Wang, J., Liao, L., Ye, Z., Liu, H., Zhang, C., Zhang, L., et al. (2022c). Different bacterial co-occurrence patterns and community assembly between rhizosphere and bulk soils under N addition in the plant–soil system. Plant Soil 471, 697–713. doi: 10.1007/s11104-021-05214-2

 Wang, J., Wang, X., Ji, Y., and Gao, J. (2022a). Climate factors determine the utilization strategy of forest plant resources at large scales. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.990441

 Wang, J., Wen, X., Lyu, S., and Guo, Q. (2021b). Transition in multi-dimensional leaf traits and their controls on water use strategies of co-occurring species along a soil limiting-resource gradient. Ecol. Indic. 128, 107838. doi: 10.1016/j.ecolind.2021.107838

 Wang, R., Cresswell, T., Johansen, M. P., Harrison, J. J., Jiang, Y., Keitel, C., et al. (2021a). Reallocation of nitrogen and phosphorus from roots drives regrowth of grasses and sedges after defoliation under deficit irrigation and nitrogen enrichment. J. Ecol. 109, 4071–4080. doi: 10.1111/1365-2745.13778

 Wang, Z., Zheng, R., Yang, L., Tan, T., Li, H., and Liu, M. (2022b). Elevation gradient distribution of indices of tree population in a montane forest: The role of leaf traits and the environment. For. Ecosyst. 9, 100012. doi: 10.1016/j.fecs.2022.100012

 Waring, E. F., Perkowski, E. A., and Smith, N. G. (2023). Soil nitrogen fertilization reduces relative leaf nitrogen allocation to photosynthesis. J. Exp. Bot. 74, 5166–5180. doi: 10.1093/jxb/erad195

 Wei, H., Luo, T., and Wu, B. (2016). Optimal balance of water use efficiency and leaf construction cost with a link to the drought threshold of the desert steppe ecotone in northern China. Ann. Bot. 118, 541–553. doi: 10.1093/aob/mcw127

 Wei, B., Zhang, D., Wang, G., Liu, Y., Li, Q., Zheng, Z., et al. (2023). Experimental warming altered plant functional traits and their coordination in a permafrost ecosystem. New Phytol. 240, 1802–1816. doi: 10.1111/nph.19115

 Wright, I. J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F., et al. (2004). The worldwide leaf economics spectrum. Nature 428, 821–827. doi: 10.1038/nature02403

 Xu, H., Wang, H., Prentice, I. C., Harrison, S. P., Wang, G., and Sun, X. (2021a). Predictability of leaf traits with climate and elevation: a case study in Gongga Mountain, China. Tree Physiol. 41, 1336–1352. doi: 10.1093/treephys/tpab003

 Xu, M., Zhu, Y., Zhang, S., Feng, Y., Zhang, W., and Han, X. (2021b). Global scaling the leaf nitrogen and phosphorus resorption of woody species: Revisiting some commonly held views. Sci. Total Environ. 788, 147807. doi: 10.1016/j.scitotenv.2021.147807

 Yan, L., Wen, Y., Zhou, X., Li, H., Wu, W., Sunoj, V. S. J., et al. (2024). Adding Castanopsis hystrix to a Pinus massoniana plantation changed leaf phosphorus and nitrogen investment and soil nitrogen concentrations. Plant Soil 496, 31–49. doi: 10.1007/s11104-023-06097-1

 Yang, B., Li, J., Yan, J., Zhang, K., Ouyang, Z., Lu, Y., et al. (2023). Non-specific phospholipase C4 hydrolyzes phosphosphingolipids and phosphoglycerolipids and promotes rapeseed growth and yield. J. Integr. Plant Biol. 65, 2421–2436. doi: 10.1111/jipb.13560

 Yang, L., Yang, Z., Zhong, X., Xu, C., Lin, Y., Fan, Y., et al. (2021). Decreases in soil P availability are associated with soil organic P declines following forest conversion in subtropical China. CATENA 205, 105459. doi: 10.1016/j.catena.2021.105459

 Yu, W., Wang, C., Huang, Z., Wang, D., and Liu, G. (2022). Variations in the traits of fine roots of different orders and their associations with leaf traits in 12 co-occuring plant species in a semiarid inland dune. Plant Soil 472, 193–206. doi: 10.1007/s11104-021-05208-0

 Zhang, A., Li, X., Wu, S., Li, L., Jiang, Y., Wang, R., et al. (2021). Spatial pattern of C:N:P stoichiometry characteristics of alpine grassland in the Altunshan Nature Reserve at North Qinghai-Tibet Plateau. CATENA 207, 105691. doi: 10.1016/j.catena.2021.105691

 Zhang, H., Sun, M., Wen, Y., Tong, R., Wang, G., Wu, Q., et al. (2022). The effects of stand age on leaf N:P cannot be neglected: A global synthesis. For. Ecol. Manage. 518, 120294. doi: 10.1016/j.foreco.2022.120294

 Zhang, L., Liu, X., Sun, Z., Bu, W., Bongers, F. J., Song, X., et al. (2023). Functional trait space and redundancy of plant communities decrease toward cold temperature at high altitudes in Southwest China. Sci. China Life Sci. 66, 376–384. doi: 10.1007/s11427-021-2135-3

 Zhang, X., Chen, X., Ji, Y., Wang, R., and Gao, J. (2024). Forest age drives the resource utilization indicators of trees in planted and natural forests in China. Plants 13, 806. doi: 10.3390/plants13060806

 Zhao, N., Yu, G., He, N., Xia, F., Wang, Q., Wang, R., et al. (2016). Invariant allometric scaling of nitrogen and phosphorus in leaves, stems, and fine roots of woody plants along an altitudinal gradient. J. Plant Res. 129, 647–657. doi: 10.1007/s10265-016-0805-4

 Zheng, L., Barry, K. E., Guerrero-Ramírez, N. R., Craven, D., Reich, P. B., Verheyen, K., et al. (2024). Effects of plant diversity on productivity strengthen over time due to trait-dependent shifts in species overyielding. Nat. Commun. 15, 2078. doi: 10.1038/s41467-024-46355-z




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Zhang, Duan, Ji, Liu and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-15-1484744-g004.jpg
1.7

1.5
1.31

e ~—
= o
S Q
o o
\Y \
Q Q.
o =)
~ -
o o
I} I}

N _— N

iq ) g

o

T .
o S
N ~

o L

[
= —
o o
S S
o o
\Y \
Q. Q.
< o
= S
o o
1l I}
o~ N
g . g
@0 &

T -
o S
N —

(01] Ll
m ~
S S
o o
v \%
Q Q
RU’ -
S =
o o
1 *8 © i
N N ~
e g

[ ]
(3

T T T T T

N 5 o -—

» (,_6% ,w) v1s 0460 =

AMmmvo

INQ1 °'Boj

20

15

10

R2=0.23, P <0.001

YT
® ‘@8

1.74

1.51

1.3

1.14

0.94

R2=0.15, P < 0.001

H 1.7

R?=10.16, P < 0.001

R2=0.10, P < 0.001

R?=10.09, P <0.001

Soil P (gkg™)

Soil N (gkg™)





OEBPS/Images/M2.jpg
+ S1(xi) + S2xi) + e

)





OEBPS/Images/fpls-15-1484744-g002.jpg
Elevation (m)

@ 1000
@ 2000
@ 3000

BN W 1000 km

log1o SLA (m2 kg"1)

w)

log1o LN (mg g ™)

n
o
:

-
[é)]
L

-
o
L

0.5+

R2=10.10, P < 0.001

1000 2000 3000

R2=0.12, P<0.001

1000 2000 3000
Elevation (m)

(9]

log1o LDMC (gg™')

log1o LP (mg g™")

-
[(e]
1

-
~
L

-
[¢,]
L

R?=0.05, P<0.001

0 1000 2000 3000

0.6

-0.3

R?=0.07, P <0.001

0 1000 2000 3000
Elevation (m)






OEBPS/Images/fpls-15-1484744-g001.jpg
A

100

~
a

Relative efect of estimates (%)
o
3

25

Cc

Relative efect of estimates (%)
o oo, §
o o
T "

N
a
r

Adj.R*>=0.088

Adj.R*=0.26

SLA

dokk

006 -004 -002 000 002 004 006
Parameter estimates

LN
:
S o
\
!
I
. ek
I
|
% -
1
|
|
: " dekk
|
H
|
h

—_—

|
I
|
|

o
\
|
|
L
|
:
° *
1
h
h

Parameter estimates

ASD

MAE

MAP

MAT

Soil pH

Soil P

Soil N

Forest age

ASD

MAE

MAP

MAT

Soil pH

Soil P

Soil N

Forest age

100

~
a

Relative efect of estimates (%)
o
3

251

Relative efect of estimates (%)
g 3

N
a

Adj.R*>=0.06

Adj.R?=0.126

LDMC

*kk

wox

wox

~0.045 -0.030 -0.015 0.000 0.015 0.030 0.045
Parameter estimates

-
T

wokk

sk

*k

ok

L Ll SE T TR

Hokk

t

_—
-0.12 -0.08 -0.04 0.00 0.04 0.08 0.12

Parameter estimates

ASD

MAE

MAP

MAT

Soil pH

Soil P

Soil N

Forest age

ASD

MAE

MAP

MAT

Soil pH

Soil P

Soil N

Forest age





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Leaf nutrient traits exhibit greater environmental plasticity compared to resource utilization traits along an elevational gradient

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Research area and sample data

          



          		

            Key leaf traits

          



          		

            Environmental data

          



          		

            Data analysis

          



        



        



        		

          Results

        

          		

            Elevational pattern of key leaf traits

          



          		

            Climatic factors influencing key leaf traits

          



          		

            Soil nutrient factors influencing key leaf traits

          



          		

            Stand factors influencing key leaf traits

          



          		

            Direct and indirect effects of environmental factors on the elevational variation of key leaf traits

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fpls-15-1484744-g007.jpg
A B
Forest age Soil P
MAT MAE
soilP{ [ ] ASD
Soil pH{ [] Soil pH
MAP Soil N
- Climate
Soil N II 7 Soil Forest age
ASD " Forest MAT
MAE{ | MAP
0 20 40 60 0 10 20 30
SLA increased in MSE (%) LDMC increased in MSE (%)
C D
Soil pH MAE
ASD ASD
MAT MAT
MAP MAP
Soil P Soil P
Forest age Soil pH
MAE Soil N
Soil N Forest age
0 10 | 20 0 10 20
LN increased in MSE (%) LP increased in MSE (%)





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-15-1484744-g005.jpg
o
= 3
-
[=3 N o
< ° S
o o
\% \%
Q Q
N = i
- g |5
o ~ o
I 1l
N N
X g
o
o
o
—
.
o
o
® [Tp) o
T T T
Q v o
N o ~
1T} -
m ~
3 8
o o
\% \%
Q Q
&= N
3 S
(=] o
I 1l
N N
g x
@
T T
< 9.
AN ~
D —
8 ~
< o
- S
o o
Il \%
Qa Q
S S
o o
\% 1l
N N
g g
.
T T
o o
N ~
& L
~
S S
S o
v \%
a Q
o o
©
N S
= W
1l
N
2 g
L]
T T
Q 3
N ~
m o
~
S S
o S
\V; o
a 1l
o A
(=] -—
o Q
Il o
MH 1]
N
x
.
T T
< 9.
N ~— ~ ~
By W) y1s 0460
< (,.B1,w)vis 6ol "

500 1000 1500 2000

40

20 30

10

40 60

20

100 150

50

20 30 40

10

R?=0.07, P<0.001

wo® commm@lii® » o @® @nE® 000 0

O 1.7

0.91

R2=0.07, P<0.001

N 1.7

R?=0.08, P <0.001

M 1.74

0.91

R?=0.16, P < 0.001

L 1.7

0.9

R?=0.06, P <0.001

1.7

500 1000 1500 2000

40

20 30

10

60

40

20

100 150

50

20 30 40

10

2000

1
S
O @ ® OB L] )
: s
e L
S g o
o s @
1] A ..nrn.w
o N
X o o fomapages - ® B
=
[72)
g 5
'S 8
° -+
()]
o
a | =l
o
L
o
© oo camemmmulfpomsso B 0O |
®0 ©® 000 DHOBDUSSSEO (BB @ © GO [Vp)
© o o @
o o o =
-
- o
(=] LO
S <
o
v
- 2
o
S [® 0
o
&
K o
b4 -
X Lo »n
N o
(8]
o
o
o
[~
T _Io
© 0
= O_
(7))
o
o ro
o
v
Q
o
= o
o F —~
1l = e
e 2,
T
m
-OD
13
L]
o
T
@
o
1
(14
o
O
m ~—
S
o
y ~
.- ®
< o
S =
o -
n N
N (0]
X o
(M)
»
lo
o O
o
L
8
o
© ®
S <
(¢}
N Lo
% <
o
n .
Q.
= lo
o (40 NG
o o
I w.
N
x lo®
N o
()]
(O]
| .
o
lo
2
o





OEBPS/Images/fpls-15-1484744-g003.jpg
>
N
<

=
(6]
L

log1o SLA (m*kg™")
=

0.51

R2=0.15, P < 0.001

E 1.9

log1o LDMC (g g™")
o 3

=X
w
1

10 20

P © @D @
*®

0.9
10 20
0.6
M R2=0.14, P < 0.001
[ ] e 90.
2~ 0.34 ¢ oL, slg’ -
IU) vb i ‘Iél!. 8
o e - o
€ p &
E_’ 0.0 ¢
- ° .
O a @ 0‘:
87) " ; ® ¢
= .0.3- o .
10 20

MAT (C)

2.0

R?=0.05, P <0.001

C
2.0+

0.5

0 500

1000 1500

2000

R?=0.09, P <0.001 D

1.9

R?=0.08, P <0.001

2000

G 1.91

R2=0.12, P <0.001 H

L

1.3 1.3
: : i :
0 500 1000 1500 2000 1000 2000
1.71 R2=028 P<0001 | K177 R2=0.11, P < 0.001
- H ‘
- y :
154 :

0.91

1:3

117 -

0.9+

0 500

1000 1500

2000 500

-0.31

0 500

R2=0.08, P <0.001

1000
MAP (mm)

1500

2000

1000

1500 2000

1000

2000
MAE (mm)

2.0+

0.5

R2=0.10, P < 0.001

1500 2000 2500 3000

1.8

1.31

R?=0.11, P < 0.001

e o
°
@

1500 2000 2500 3000

1.7+

0.9

R?=0.21, P <0.001

° @ ®

1500 2000 2500 3000

R?=0.05, P <0.001

2000 2500 3000

ASD (h)

1500






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls.2024.1484744_cover.jpg
& frontiers | Frontiers in Plant Science

Leaf nutrient traits exhibit greater
environmental plasticity compared to
resource utilization traits along an
elevational gradient





OEBPS/Images/M1.jpg
s
CWM=3D, # Trait,

[0}





OEBPS/Images/fpls-15-1484744-g006.jpg
Elevation

Elevation

()
[®)]
r 2
L 2 w o Z % 2 3
s s = 2 8 8 8 £
-0.15 -0.19 0.13 0.29 0.04 -0.06 0.23 -0.14 "
o ok ok o o o Elevatlon
MAT
MAP
MAE
ASD
Soil N
Soil P
Soil pH

Soil pH

Forest age

MAT

MAP

MAE

ASD

Soil N

Soil P

Soil pH

Elevation

Mantel's p

— <0.01
— 0.01-0.05
>=0.05

Mantel's r
— <02

pearson's r

9

0.0

Forest age I 0.5

Mantel's p

— <001
— >=0.05

Mantel's r

— <0.2
— 0.2-04

mm >=04

pearson's r

l 0.5

0.0

Forest age I 05

Elevation

Elevation

()
(@)]
T ©
L o w o £ % 2 3
< < < %) o o o o
= = = < n () (%) L
-0.15 -0.19 0.14 0.30 0.03 -0.08 0.24 -0.15

*kk

*kk

*kk

0.09

*

*kk

0.29

*kk

0.26

*kKk

0.13

*%

-0.17

*kk

T
£ o2 W o = & =
o B B B
s = = < »o ® &
-0.02 -0.13 0.11 0.21 -0.04 -0.03 0.18

*%

*

*hKk

Forest age

Elevation
MAT
MAP
MAE
ASD

Soil N
Soil P
Soil pH

Forest age

Elevation

MAT

MAP

MAE

ASD

Soil N

Soil P

Soil pH

Forest age

Mantel's p

— 0.01-0.05
— >=0.05

Mantel's r
— <02

pearson's r

l 0.5

Mantel's p

— <0.01
— >=0.05

Mantel's r
— <02

pearson's r

l 0.5





OEBPS/Images/fpls-15-1484744-g008.jpg
A -0.091* B 0.088*

RzMarginalzo' 08
R2Gonditiona=0-89
Forestage |

Forest age Elevation

-0.215**| MAT | ' . » PRugra=0.11 0023 F R =0.08
-0.096 1 R2Gonditiona=0-89 0.108 | MAP . 0.461*** H R2Conditiona=0-88
Siigh ! - Climate !
' R0rinai=0.00 Ryargina=0-21 : e Reyargina=0-00 Ryirginai=0-21 I
. ‘Marginal g 1 9 o 1
-0.167 R2Gonditionai=0-88 R2Conditionai=0-90 1 -0.061 R2Gonditionai=0-88 R%Gonditiona=0-90 1
H 0.074 -0.249*** -0.171** 0070 | i 0.128™**0.194** 0.006 0.075 !
C 0.026 D 0.190%*
R i i H
R2y1argna=0-08 i R2arina=0-06
R2Gonditiona=0-88 ! ) R2conditiona=0-88
Forestage |. i Elevation Forest age
\\\Qo) . R2\targina=0-26 R2\arginai=0-12
\\‘9 ! R%ondiiona=0-91 R2Conditiona=0-89
ke *
=
o
b=
0.435*** -0.081 | MAT Q%
-0.169* -0.108 | MAP Climat Soil A
Imate ¢
o ) PN o i B TR S I )
0.564 R2Gonditionai=0-89 R2condiiona=0-97 0.109 | ASD R2Gonditionar=0-88 R2Gongitionai=0-89

-0.027 -0.025 0.419*** 0.517*** 0.099* 0.097 0.185***

0.251***





