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Background: Ecological stoichiometric characteristics of carbon (C), nitrogen (N), phosphorus (P), and potassium (K) serve as crucial indicators of nutrient cycling and limitation in terrestrial ecosystems. However, our current understanding of stoichiometric characteristics in subtropical forests and their response to different climate conditions is still limited.

Methods: We selected six altitudes ranging from 700 m to 1,200 m to simulate different climate conditions of an evergreen broadleaf forest in Wuyi Mountain, Fujian Province, China. We investigated C, N, P, and K stoichiometry and homeostasis in the green leaves, newly senesced leaf litter (fresh litter), and soil of this forest.

Results: Leaf P and K levels showed a decline with increasing altitude. Notably, the stoichiometric ratios in different components exhibited a bimodal distribution along the altitudinal gradient. Additionally, a decline trend of N resorption efficiencies was observed as altitude increased. Moreover, weak homeostasis was observed in P and K in green leaves. These findings highlighted the significant impact of altitude on the stoichiometry in evergreen broadleaf forest. This study also contributed to our understanding of the nutrient cycling mechanism and plant growth strategies of evergreen forests under different climate conditions.
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1 Introduction

Mountains provide a unique and ideal platform for studying plant adaptation strategies to environmental changes. Climatic factors such as temperature, solar radiation, and precipitation vary along the altitudinal gradient (Beniston, 2003; Huber et al., 2007; Korner, 2007). Therefore, the altitudinal gradient has been received widely attention (Körner, 1998; Wang et al., 2018; Hou et al., 2019). Environmental conditions such as temperature and precipitation vary at different altitudes, and have direct impacts on plant growth by regulating the nutrient status. Therefore, studying the nutrient status of forest ecosystem along altitude can provide valuable insights into the nutrient cycling under different climate conditions (Sheikh et al., 2020; Kumar et al., 2021).

Nutrient cycling plays a crucial role in forest ecosystems, as it forms a plant leaf-litter-soil continuum (Legout et al., 2020; Lin et al., 2021). The cycling of elemental nutrients in forest ecosystems is regulated by biological and abiotic factors, such as tree species diversity and acid rain (De Groote et al., 2018; Hu et al., 2019). However, the impact of altitude on nutrient cycling within the plant leaf-litter-soil continuum still has not been well investigated (Kumar et al., 2021; Li et al., 2022). While altitude has been used as a proxy for studying different climate conditions effect on nutrient cycling, current studies have mainly focused on the nutrient characteristics and limitation of plant (Yu et al., 2014; Du et al., 2016), and the nutrient status of soil and leaf (Müller et al., 2017; Hou et al., 2019; Sheikh et al., 2020). However, these studies provide limited insights into our comprehensive understanding of nutrient cycling under different climate conditions. Therefore, it is crucial to conduct further studies investigating the processes involved in nutrient cycling. This will enhance our understanding of plant growth strategies and contribute to a more comprehensive understanding of nutrient cycling. Ecological stoichiometry, which characterizes the nutritional status of forest ecosystems, serves as a valuable tool for studying nutrient cycling.

Ecological stoichiometry is used to explore allocation of nutrient in organisms and cycling of element in plant leaf, above-ground litter (i.e., fresh litter and semi-decomposed litter), and soil components (Sterner and Elser, 2002; Zhang et al., 2019). Ratios of elements are commonly used to assess nutrient limitation and coupling relationships across these different components (Yang et al., 2020; Wang et al., 2021). Nevertheless, the nutrient stoichiometry of green leaves, fresh litter, and soil in forest ecosystems can be significantly altered by altitudinal variations, which lead to changes in soil microclimates (Chen et al., 2022). Studies have demonstrated that foliar C:N (carbon: nitrogen) and C:P (carbon: phosphorus) increase with altitude, while foliar N and P concentrations decrease (Müller et al., 2017). The C, N, and P contents, as well as C:N:P stoichiometry of leaf litter, exhibit wide variations along the altitudinal gradient, displaying distinct trends depending on species composition at different altitudes (Li et al., 2022; He et al., 2023). Soil available N tends to increase with altitude, whereas soil available P and total P concentrations in plant tissues decrease (Wang et al., 2018). Soil organic C generally decreases with altitude (Hou et al., 2019; Sheikh et al., 2020; Mganga et al., 2022), while soil nutrients demonstrate either an unimodal response (Nie et al., 2023) or an increasing trend (He et al., 2021) along the altitudinal gradient. Soil P fractions generally reach a maximum at mid-altitude due to the presence of more active microorganism that accelerate P weathering (Li et al., 2023). Additionally, soil available P was highly correlated with leaf P along the altitudinal gradient (Li et al., 2023). Unlike C, N, and P, the investigation of potassium (K) and its relationships with other elements has been relatively limited (Zhang et al., 2021; Sun et al., 2022), especially at different altitudes (Zhang et al., 2019). However, K is a vital element for the plant growth and its levels vary with different environments (Zhang et al., 2019; Li et al., 2022). Therefore, studying C, N, P, K, and their stoichiometric ratios across green leaves, leaf litter, and soil components is essential for understanding nutrient cycling and the responses of forest ecosystems to different climate conditions.

Stoichiometric homeostasis is a fundamental concept in ecological stoichiometry, and it encompasses nutrient cycling and physiological and biochemical adaptation of plant in response to environment (Sterner and Elser, 2002; Hessen et al., 2004). The organisms show strict homeostasis when their stoichiometric compositions remain unchanged with variations in stoichiometric resources; otherwise, it is considered non-homeostasis (Sterner and Elser, 2002). Stoichiometric homeostasis has been observed in diverse ecosystems, including grass ecosystems (Yu et al., 2011), wetlands (Demars and Edwards, 2007), and dry plantations (Li et al., 2022). Plants show homeostasis characteristics in response to nutrient limitation, such as N-or P-limitation at different growth stages in forests (Bai et al., 2019; Wang et al., 2019). They adopted conservation strategies for resource utilization, exhibiting lager homeostasis (Yu et al., 2011). Stoichiometric homeostasis can reflect soil nutrient limitation and significantly affect plant growth (Yu et al., 2015). However, stoichiometric homeostasis has received relatively less attention, particularly in mountains. Furthermore, different climate conditions can impact soil nutrient status through various mechanisms. Consequently, the response of leaf stoichiometry to soil nutrient availability along the altitude gradient remains unclear.

Nutrient resorption efficiency is a key parameter for understanding nutrient cycling and ecosystem balance. It helps to characterize nutrient allocation and strategies under environmental changes (Milla et al., 2005). Nutrient resorption refers to the uptake of nutrients from senesced leaves and nutrient allocation and utilization of those nutrients (Chen et al., 2021a; Wang et al., 2022). Previous studies have found that P and K resorption efficiencies are significantly higher than N resorption efficiency in the nutrient-poor soils of a tropical forest (Urbina et al., 2021). This suggest that the soil nutrient availability directly influences nutrient allocation in plants. Climate factors also play a role in leaf nutrient resorption. For example, P resorption efficiency tends to be higher than N resorption efficiency in Chinese fir plantation under different climate conditions (Tong et al., 2021). While nutrient status in mountain ecosystems has been investigated, few studies have been done on nutrient resorption efficiencies in these ecosystems under different climate conditions. Therefore, further investigations are necessary to understand the stoichiometric characteristics, homeostasis, and leaf nutrient resorption efficiencies in mountain forest ecosystems.

Wuyi Mountain, located within Wuyishan National Park, is one of the first five national parks established in China. This subtropical primary forest ecosystem is widely recognized for its extensive and representative distribution. It serves as a sanctuary for unique biodiversity and displays distinct vertical vegetational zonation (You et al., 2017). Given its exceptional characteristics, Wuyi Mountain is an ideal study site for investigating nutrient status of forests ecosystem in responses to different climate conditions. In this study, we formulated the following hypotheses: (1) Stoichiometric characteristics of different components are influenced by altitude. (2) Leaf nutrient resorption efficiencies are affected by altitude due to variation in temperature and humidity. (3) Nutrient resorption efficiencies are directly regulated by soil and leaf nutrients. The findings of this study will contribute to our scientific understanding of the nutrient status of evergreen broadleaf forests.



2 Study area and methods


2.1 Study sties

The study site is located in Wuyishan National Park of the northern Fujian Province, China. The park covers an area of 1,001.41 km2. The area belongs to a typical subtropical monsoon climate. The mean annual temperature is 17–19°C, mean annual precipitation is 1,684–1,780 mm, and the frost-free period is 234 days. The Park consists of subtropical evergreen broadleaved forests and central subtropical evergreen broadleaved forests, with Castanopsis eyrei, Castanopsis carlesii, Schima superba, Rhododendron ovatum, Quercus phillyraeoides, and Rhododendron latoucheae as dominant species. The original forest area in the park is 210.70 km2, as reported by the Science and Technology Commission of Fujian Province in 1993. One prominent feature is the vertical belt spectrum of vegetation, including evergreen broadleaved forest, coniferous and broad-leaved mixed forest, temperate coniferous forest, moss dwarf forest of middle mountain, and meadow of middle mountain. Wuyi Mountain has a variety of soil types, including mountain red soil, yellow red soil, yellow soil, and mountain meadow soil.



2.2 Experimental design

In Wuyi mountain, evergreen broadleaved forest is mainly distributed below 1,200 m, and the study area with less human disturbance was selected above 700 m. In September 2022, the plot sites were set at 700 m, 800 m, 900 m, 1,000 m, 1,100 m, and 1,200 m in the evergreen broadleaved forest (Supplementary Figure S1; Supplementary Table S1). Four 10 m × 10 m quadrats were established at each site, with a total of 24 quadrats a total area of 2,400 m2. Geographic information such as longitude, latitude, slope, slope position, and slope direction at each site were recorded (Supplementary Table S1), and a vegetation survey was conducted. The dominate trees in the plots included C. eyrei.

To analyze leaf nutrient resorption, green leaves and fresh leaf litter of dominate species of tree layer were collected at each altitude. The mature green leaves were also collected from three dominant trees in each plot. In the middle of each quadrat, a leaf litter collector (1 × 1 m2) was set for collecting fresh litter of dominant species for the chemical element analysis from September 3rd to December 31st in 2022. Four litter collectors were set at each altitude, with a total of 24 litter collectors. In addition, three soil samples were taken at depths of 0–20 cm and 20–40 cm using a soil drill from each quadrat. A total of 72 green leaf samples, 72 fresh litter samples, and 144 soil samples were collected, respectively. The green leaf and fresh litter samples were dried at 80°C for 48 h to keep the constant weight, while the soil samplings were naturally air-dried. The green leaves, fresh litter, and soil were filtered through a 2 mm sieve and then packed in plastic self-sealing bag for chemical element determination.



2.3 Functional trait and chemical element measurement

The total C, N, P, and K of green leaves, fresh litter, and soil were analyzed by the potassium dichromate KCr2O7, the Kjeldahl method, the digestion with H2SO4–H2O2 solution, and the atomic flame photometry, respectively (Jones, 2001). Available N (AN), available P (AP), and available K (AK) of soil were determined by the ultraviolet spectrophotometry, the NaHCO3 extraction molybdenum-antimony colorimetry, and the atomic flame photometry, respectively (Jones, 2001). pH of the soil was analyzed by a pH meter (PHS-3E, Leici, China).



2.4 Data analysis

The leaf nutrient resorption efficiencies were calculated by the following equation (Vergutz et al., 2012; Eq. 1):
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where NuRE represents the N (NRE), P (PRE), and K (KRE) resorption efficiencies. Nusenesced and Nugreen are N, P, or K contents of the fresh litter and green leaves along different altitudes, respectively. MLCF is the mass loss factor during the leaf senescence (van Heerwaarden et al., 2003), with the vlaues of 0.780 and 0.745 for evergreen and confiers tree species, respectively (Vergutz et al., 2012).

The stoichiometric homeostasis of the green leaves was quantified by a homeostasis coefficient (Eq. 2):
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where y is the contents or stoichiometric ratio of leaf C, N, P, or K. x represents the contents or stoichiometric ratio of soil C, N, P, or K. H represents the homeostasis coefficient. The parameters a and H are estimated using linear regression. The homeostasis characteristics are judged based on H: 1 < H < 1.3 indicates “plastic,” 1.3 < H < 2 indicates “weak plastic,” 2 < H < 4 indicates “weak homeostatic,” and H > 4 indicates “homeostatic” (Persson et al., 2010).

The C, N, P, and K contents and their stoichiometric ratios of green leaves, fresh litter, and soil at a given altitude were calculated using three samples in each qudrate of four plots at each of the six altitudes. Mean and standard error were presented in this study. The contents of C, N, P, and K and stoichimetric ratios of different components at the same altitude and the same component at different altitudes, were tested by ANOVA. The least significant difference (LSD) method was applied for multiple comparison when a significant effect was detected. Leaf nutrient resorption efficiencies at different altitudes were also analyzed by ANOVA. To investigat the effects of altitude on leaf nutrient resorption efficiencies, linear regression models were used. Redundancy analysis (RDA) was performed to visualize the effects of nutrients in different components on leaf nutrient resorption efficiencies. Pearson correlation coefficient were utilized to examine the relationships between leaf nutrient resorption efficiencies and soil nutrients, green leaves and fresh litter nutrients, and stoichiometric ratios. All data were checked for homogeneity and normality before analysis. All data analyses and figures were carried out using R version 4.2.1 (R Core Team, 2020).




3 Results


3.1 C, N, P, and K contents and stoichiometric characteristics

The nutrient contents and stoichiometric ratios within the plant leaf, litter, and soil exhibited altitudinal variations. Green leaf N and P decreased first, then increased, and finally decreased again with the increase of altitude. However, leaf C did not change significantly with altitude (Figure 1). Leaf K content also decreased with increasing of altitude, while fresh litter C content significantly increased with altitude. The highest value of fresh litter N (14.72 mg/g) was observed at 1200 m, which was significantly higher than at other altitudes. Fresh litter P and K contents decreased significantly with altitude. The contents of SOC and total N showed double peaks, occurring at 800 m (SOC: 10.32 mg/g, total N: 3.98 mg/g) and 1,100 m (SOC: 11.16 mg/g, total N: 3.78 mg/g), respectively. Soil total P content significantly initially decreased and then increased with altitude. The ratios of C:P and N:P of green leaves, and the C:P ratio of the litter increased first and then decreased with altitude (Supplementary Table S2).

[image: Figure 1]

FIGURE 1
 The mean (±SE) contents of C, N, P, and K of green leaves, fresh litter, and soil in Wuyi Mountain along an altitudinal gradient. Different lowercase letters, capital letters, and capital and lowercase letters indicate significant differences for green leaves, fresh litter, and soil among different altitudes, respectively (p < 0.05, n = 72).


In Wuyi Mountain, fresh litter C content was significantly higher than those of green leaves and soil (Table 1). N content ranked in the following order: Green leaves > Fresh litter > Soil (0–20 cm) > Soil (20–40 cm). Green leaves had the highest P (0.54 ± 0.02 mg/g) and K (9.55 ± 0.37 mg/g) contents compared to the other components. Soil AP and AK at a depth of 0–20 cm were significantly higher than those at the depth of 20–40 cm. The stoichiometric ratios of fresh litter were significantly higher than those of green leaves and soil.



TABLE 1 N, P, and K contents and their stoichiometric ratios of green leaves, fresh litter, and soil in Wuyi Mountain (mean ± se of six altitudes).
[image: Table1]



3.2 Nutrient resorption efficiencies and ecological stoichiometric homeostasis

Nitrogen resorption efficiency decreased from 51.75% at 700 m to 17.50% at 1,200 m (Figure 2). The phosphorous resorption efficiencies at 700 m and 1,000 m were significantly higher than at other altitudes. The potassium resorption efficiency at 1200 m was the highest, and the K use efficiency at 800 m was also significantly higher compared to the other altitudes. NRE showed had a significant negative correlation with altitude (p < 0.05; Figure 3). Conversely, PRE and KRE did not show a significant relationship with altitude.

[image: Figure 2]

FIGURE 2
 The mean (±SE) nutrient resorption efficiencies (NuRE) in Wuyi Mountain along an altitudinal gradient. Different letters indicate significant differences among different altitudes for the same index at the 0.05 level (p < 0.05).


[image: Figure 3]

FIGURE 3
 The linear regression between nutrient resorption efficiencies (NuRE) and altitude in the Wuyi Mountain.


In Wuyi Mountain, green leaves at altitudes ranging from 700 m to 1,200 m exhibited stoichiometric homeostasis (Table 2). The homeostasis coefficients of green leaves to soil P, K, C:N, C:K, and N:K were 3.92, 1.90, 2.65, 3.17, and 3.13, respectively. These coefficients determined as “weak homeostatic” with except of soil K for weak plastic. Other indexes did not demonstrate homeostatic characteristics.



TABLE 2 Homeostasis coefficients of green leaves in Wuyi mountain.
[image: Table2]



3.3 Relationships between nutrient contents, stochiometric characteristics, and nutrient resorption efficiencies

With the exception of fresh litter N and P, N and K, there were significant positive relationships among N, P, and K of the green leaves and fresh litter (p < 0.01) (Figure 4). In the soil component, soil C, N, and P were significantly positively correlated (p < 0.01 or p < 0.05), while soil K had significant negative relationships with soil C, soil N, and soil P. Additionally, there were significant positive relationships between soil AN, AP, and AK (p < 0.01 or p < 0.05), and they also significantly correlated with soil N. Soil K exhibited a positive correlation with green leaves N, P, and K, but a negative correlation with fresh litter N.

[image: Figure 4]

FIGURE 4
 The heatmap of Pearson’s correlation coefficients of stoichiometric characteristics among “plant leaf-litter-soil” in Wuyi Mountain. G, L, and S indicate green leaves, fresh litter, and soil, respectively. SAN, SAP, and SAK represent available nitrogen, available phosphorus, and available potassium in the soil, respectively. * and ** indicate a significant correlation at the 0.05 (p < 0.05) and 0.01 (p < 0.01) level.


The first and second axis of RDA explained 31.09 and 2.99% of total variation in the leaf nutrient resorption efficiencies, respectively (Figure 5). The RDA analysis revealed significant correlations between leaf nutrient resorption efficiencies and various factors, including soil available N (F = 4.55, p = 0.017), contents of P (F = 5.89, p = 0.011), and K (F = 7.50, p = 0.006) in the fresh litter. Notably, these effects were more pronounced at low altitudes than at high altitudes. Furthermore, the analysis showed significant relationships between specific nutrients and nutrient resorption efficiencies. Moreover, the N, P, and K contents in the green leaves, as well as P and K in the fresh litter, were found to have significant and positive effects on NRE, while soil AK was also significantly and positively correlated with NRE (Figure 6). The P and K contents in the green leaves, as well as K in the fresh litter, had significantly positive effects on PRE (p < 0.01). Moreover, nutrient contents in the green leaves and fresh litter components had no influence on KRE.
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FIGURE 5
 Redundancy analysis (RDA) of NuRE, soil nutrients contents, green leaves nutrient contents, and fresh litter nutrients contents in evergreen broadleaf forests along the altitudes in Wuyi Mountain. G, L, and S indicate green leaves, fresh litter, and soil, respectively. SAN, SAP, and SAK represent available nitrogen, available phosphorus, and available potassium in the soil, respectively.
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FIGURE 6
 The heatmap of Pearson’s correlation coefficients between nutrient resorption efficiencies and nutrient contents in the different components in Wuyi Mountain. G, L, and S indicate green leaves, fresh litter, and soil, respectively. SAN, SAP, and SAK represent available nitrogen, available phosphorus, and available potassium in the soil, respectively. * and ** indicate a significant correlation at the 0.05 (p < 0.05) and 0.01 (p < 0.01) level.





4 Discussion


4.1 Variations of nutrient stoichiometric characteristics along the altitudinal gradient

The C:N:P ratios in green leaf, fresh litter, surface soil (0–20 cm), and sub-soil (20–40 cm) of the evergreen broadleaf forest was 2,356:64:1, 4,556:98:1, 74:24:1, and 72:21:1, respectively. These ratios were higher than those of nine natural forest ecosystems from cold-temperature to tropical forests in China (Zhang et al., 2018).

The higher C content of the evergreen broadleaf forests in Wuyi Mountain that of plants globally (Elser et al., 2000a) suggested that green leaves of the evergreen broadleaf forests possessed a high C capacity. Interestingly, we also observed that a decreasing trend in leaf C content with increasing altitude. This finding contradicted the results reported by Yu et al. (2014). The inconsistence could be explained by the low temperature at high altitudes, limited soil microbial activity, and the slow turnover of ecosystem C. Therefore, the plant has low leaf C content at high altitudes. At low altitudes, accumulation of humus leads to an increasing of leaf C content. Our finding did not support the physiological acclimation mechanism (Weih and Karlsson, 2001). Plants at higher altitudes experienced higher environmental stress, leading to lower ability to produce non-structural carbohydrate.

In this study, we found that the highest leaf N content was observed at the lowest latitude, which could be attributed to lower decomposition at high altitude (Hobbie et al., 2000). This finding was in agreement with a previous report (Liu et al., 2021). The mean N and P contents of green leaves of plants ranging from 700 m to 1,200 m in Wuyi Mountain were 15.55 mg/g and 0.54 mg/g, respectively, which were lower than the global (N: 20.1 mg/g, P: 1.99 mg/g) and China’s flora (N: 20.2 mg/g, P: 1.5 mg/g) (Elser et al., 2000a; Han et al., 2005). Overall, leaf N and P showed a decreasing trend with altitude, supporting previous studies (Müller et al., 2017; Wang et al., 2018). These results indicated the direct influence of different climate conditions on plant photosynthesis, especially at low altitudes where leaf N in the evergreen broadleaf forests could increase (Forrester et al., 2019). Additionally, the N:P ratio in the green leaves was extremely high, much higher than 16. As leaf N:P > 16, the plants are P-limited (Koerselman and Meuleman, 1996), implying intense P limitation in the evergreen broadleaf forests in Wuyi Mountain due to P deficient in the soil. This finding confirmed what had been observed in tropical region (Mo et al., 2019; van Breugel et al., 2019). Interesting, P limitation was most pronounced at 900 m, where distribute Quercus phillyraeoides with shade-tolerance. This result differed from a previous report that suggested N limitation for Q. phillyraeoides (Xie et al., 2017), due to the inclusion of different land use types in the studies.

The leaf K content of the evergreen broadleaf forests in this study was lower than the average of 78 typical ecosystems in China (18.30 mg/g) (Li et al., 2021). We observed higher leaf K content at lower altitudes, this finding was not supported by a previous study that reported increased K uptake for plant growth in cold temperature condition (Zorb et al., 2014). This further confirmed that environmental changes, especially different climate conditions, could affect leaf traits (Richards and Damschen, 2022). Leaf C:N and C:P showed bimodal responses with altitude, contrasting the typical pattern of increasing leaf C:N and C:P with altitude (Müller et al., 2017). In the evergreen broadleaf forests of Wuyi Mountain, the leaf C:N ratio along the altitudinal gradient was higher than the global average for terrestrial plants (Elser et al., 2000b). Similarly, leaf C:P at different altitudes was higher than both the global and China flora averages (Elser et al., 2000b; Tang et al., 2018).

Compared to green leaves, the nutrient contents of fresh litter showed a similar trend with altitude. The C content of fresh litter in this study was higher than that of coniferous and broadleaved forests in China (He et al., 2013; Bai et al., 2019). In Wuyi Mountain, fresh litter C:N was higher at higher altitudes, suggesting lower decomposition due to colder temperature at those altitudes (Enríquez et al., 1993). Litter C:P and N:P ratios also serve as indicators of decomposition, with negative relationships between these ratios and decomposition rates (Shen et al., 2021). Our study found that plants at higher altitudes had higher fresh litter C:P and N:P ratios, implying potential lower decomposition rate in these region. Previous studies have showed that litter is susceptible to P limitation when the N:P exceeds 25 (Güsewell and Verhoeven, 2006). In our study, fresh litter N:P was higher than 25, implying P deficiency in litter decomposition within the evergreen broadleaf forests. Additionally, when the soil experienced P limitation at different altitudes, plants responded by increasing N contents. Moreover, both green leaves and litter exhibited higher C:P and C:K ratios. These findings suggest that plants adopt this strategy to offset P deficiency for plant growth.

According to classification standard for the second national soil survey in China, the soil in Wuyi Mountain displayed a low SOC (< 20 mg/g) at the different altitudes, but had high N (> 2 mg/g) levels. The soil P content indicated a deficiency, especially at 900 m. Interestingly, our study showed that soil N and P contents decreased with altitude, supporting for the results observed by Kumar et al. (2021). Furthermore, the soil C:N ratio was higher at higher altitudes, corroborating a previous report (Bing et al., 2015). The ratios of C:N and C:P in the soil were lower than those of global (C:N 14.3, C:P 186) and China’s soil averages (C:N 11.9, C:P 61) (Cleveland and Liptzin, 2007; Tian et al., 2009). However, the soil N:P ratios were higher than those observed in China’s soil (Tian et al., 2009). Different altitudes have different soil stoichiometry, this might be affected by different vegetation types (Su et al., 2019). These findings supported our first hypothesis.



4.2 Effects of altitude on nutrient resorption efficiencies

The resorption efficiency of N in evergreen broadleaf forests in Wuyi Mountain significantly decreased with altitude, while P and K resorption efficiencies did not show obvious changes. These variations in nutrient absorption were attributed to the varying biological and metabolic capacities of different species at different altitudes (Wang et al., 2022; Sun et al., 2023). Those results partially supported our second hypothesis. In addition, NRE in this study was lower than that of the global plants (50.2%) (Vergutz et al., 2012; Chen et al., 2021b), which was consistent with previous studies (Zhu et al., 2022). Similarly, PRE was lower than that the global plant (58.4%) except at 700 m and 1,000 m. In this study, KRE was found to be higher than 56.1%. However, this value was lower than that of natural forests in this region (Zhu et al., 2022). This suggested that the evergreen broadleaf forests in Wuyi Mountain had an efficient nutrient absorption capacity from the soil, even from the senesced leaves. This adaption improved the plant growth by alleviating nutrient deficiency. According to the relative resorption hypothesis, the relative nutrient resorption efficiency (NRE-PRE) provided insight into potential nutrient limitation (Han et al., 2013). The findings in Wuyi Mountain also indicated a P-limitation, as the relative efficiency was less than 0. This further implied that the plants resorb more P from senesced leaves than N (Müller et al., 2017). Additionally, when litter N content exceeded 10 mg/g or P surpassed 0.8 mg/g, suggesting incompletely absorbed of litter N and P. Conversely, complete absorption of litter N and P occurred when litter N content and P content was less than 7 mg/g and 0.5 mg/g, respectively (Killingbeck, 1996; Yu et al., 2010). Furthermore, there were significant correlations between fresh litter N:P and N and P contents of the green leaves. These findings demonstrated the direct impact of litter stoichiometry on the nutrient limitation of evergreen broadleaf forests at different altitudes.

The positive relationships between nutrient resorption efficiencies and the nutrient contents of green leaves and fresh litter were observed, consistent with the findings of Zhu et al. (2022). However, this finding contradicted the results reported by Tong et al. (2021), suggesting that variations in environmental conditions lead to different results. Furthermore, these findings implied that higher levels of leaf nutrients could potentially enhance nutrient resorption. Moreover, this study revealed a pattern where lower altitudes associated with higher C and N contents in green leaves, but lower fresh litter C and N contents. This results also indicated heightened decomposition rates at lower altitudes may result in increased leaf resorption efficiencies.

In this study, positive correlations were observed between NRE, PRE, and the levels of P and K in green leaves. Furthermore, positive relationships were found between NRE, PRE, and K in the fresh litter. These findings suggested that trees employed different nutrient strategies in response to low temperature, high solar radiation, and a humid environment (Reich and Oleksyn, 2004). Overall, altitude was found to have significant effects on leaf nutrient resorption efficiencies and nutrient limitation in the forests.



4.3 Stoichiometric homoeostasis and allocation of nutrition

Stoichiometric homoeostasis could reflect an organism’s physiological adjustments in response to fluctuating environments (Sterner and Elser, 2002; Yu et al., 2010). This study aimed to investigate the maintenance of homeostasis in green leaves concerning variations in soil P, K, C:N, C:K, and N:K. Those observations suggested that the plants at different altitudes were able to maintain relative stable levels of P and K under changing environment, as previous studies have confirmed (Sterner and Elser, 2002). Our findings highlighted the contribution of homeostasis in the evergreen broadleaf forests to nutrient balance in harsh environments (Blouin et al., 2012).

In Wuyi Mountain, higher nutrient contents were allocated to the green leaves of the evergreen broadleaf forests compared to other components. This can be attributed to the fact that green leaves are the most active organ, requiring higher nutrients levels to support essential physiological activities such as photosynthesis, respiration, and metabolic activity (Zhu et al., 2020; Li et al., 2022). Furthermore, our investigation revealed that nutrient contents in the fresh litter were higher than that those in the soil, suggesting a slow return of nutrients from the fresh litter to the soil. This finding further affirms that lower decomposition at higher altitudes delays the nutrient flow process. In summary, our results provided evidence that different climate conditions directly impacts the nutrient status of forest ecosystems (Kumar et al., 2021).

In term of C, there were no significant coupling relationship for the contents among the components of green leaves, fresh litter, and soil. However, soil available N and available K were significantly correlated with green leaves and fresh litter, which is consistent with previous studies (Liu and Wang, 2021; Li et al., 2022). While there were no significant relationships among N contents in different components, the N content in the green leaves was higher than that in the fresh litter and soil, as evidenced by the higher NRE compared to CRE at different altitudes. As for the P nutrient, there were significant coupling relationships between the contents in the green leaves and fresh litter, indicating that nutrients levels in green leaves were directly influenced by the litter nutrient status during the P cycling (Wang and Zheng, 2020). Similarly, there were positive relationships for K content among the components of green leaves, fresh litter, and soil, suggesting that K is transported from green leaves to fresh litter and then stored in soil. Furthermore, C was fixed in green leaves and litter in this study, while N was absorbed into the soil through litter decomposition at different altitudes. P and K were stored in green leaves and soil, respectively. Interestingly, trees at lower altitudes utilized less K in order to obtain more N and P for metabolic activities, as compared to those at higher altitudes. These findings supported the third hypothesis.




5 Conclusion

Based on a field investigation conducted at six altitudes of Wuyi Mountain, this research provides a comprehensive evaluation of the stoichiometric characteristics in the plant green leaves, fresh litter, and soil along the altitudinal gradient. The research revealed significant variations in nutrient content and stoichiometry among different components. The latitude had a significant impact on NRE, resulting in the vulnerability of N content in the green leaves and fresh litter at different altitudes. While PRE and KRE showed no significant relationship with altitude, higher altitudes exhibited increased P and K levels in green leaves and fresh litter compared to lower altitudes, suggesting their weak plasticity. Furthermore, the study observed low nutrient resorption efficiencies at higher altitudes, implying a delay in element cycling due to cold climate hinders nutrient flow. The study also found that nutrient levels in green leaves and fresh litter directly regulated nutrient resorption efficiencies. Additionally, the study identifies severe P deficiency of the evergreen broadleaf forest in Wuyi Mountain. The significant coupling relationships between P and K contents in green leaves, fresh litter, and soil, implying that P and K cycling occur simultaneously in the leaf-litter-soil continuum. These findings are of great significance for understanding the mechanism of nutrient cycling and plant adaptation strategies in response to different climate conditions.
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C(mglg) 489.733471b 515272345 872+035¢ 8.09+036¢
N (mg/g) 155540362 12.93£0.19b 031£001c 025+0.01d
P (mg/g) 0.540.02 0.29£0.01b 0.03£0.00¢ 0.03:£0.00c
K (mg/g) 955037 338£0.18b 1820.06c 1810.06¢
AN (10~ mg/g) - - 2533064 222320650
AP (10~ mglg) - - 0.01£0.00a 0.01£000a
AK (10 mg/g) - - 6.18:0.17 557+0.18b
N 32.942083b 47.40£083 3.05+001d 346+0.16¢
cp 26059110108 4843.02 14351 6.75+0.02d 7.65+0.36¢
K 184.46:+6.35b 6106435640 161001 147£0.104
NP 68.042.18b 1203943432 2643£0.10¢ 23240954
NK 48940.17b 13.44£0862 0.52£0.00¢ 0420.02d
NK 489+0.17b 13440862 0.520.00¢ 0420.02d
CNP 2356:64:1 4556981 74241 72211

C,N, P,K, AN, AP, and AK represent organic carbon, total itrogen, total phosphorus, total potassium, available nitrogen, available phosphorus, and available potassium, respectively. Different
lowercase letters indicate significant differences among different components at the 0.05 level (p<0.0). Duncan's multiple comparison test (n=72).
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