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Abstract

:

Water use efficiency (WUE) is key to linking the water, carbon, and nutrient cycles in terrestrial ecosystems. However, the coupling between WUE and leaf nutrients is still poorly understood in subtropical forests. Here, the stable carbon isotope technique was employed to estimate the leaf-scale WUE of five common tree species (Castanopsis eyrei, Symplocos laurina, Machilus grijsii, Ternstroemia gymnanthera, and Rhododendron ovatum) in different habitat types (i.e., hillside, near the top of the peak, and peak) in a subtropical broad-leaf evergreen forest on the western slope of Wuyi Mountain, southern China. In addition, leaf carbon (C), nitrogen (N), and phosphorus (P) contents were also measured to assess plant nutrient utilization and its relationship with WUE. From the hillside to the peak, soil water content showed a decreasing trend, whereas the soil total C, N, and P contents showed an increasing trend. Regardless of species, the leaf δ13Cp value and WUE showed an increasing trend from the hillside to the peak, mainly due to an increase in soil water deficit and light. The leaf N and P contents showed an increasing trend from hillside to peak due to an increase in soil nutrients, while the leaf C: N ratio, C:P ratio, and N:P ratio showed a decreasing trend. The regression analysis showed that leaf-scale WUE was positively correlated with the leaf N and P contents but negatively correlated with the leaf N:P ratio, especially for the three species (C. eyrei, S. laurina, and T. gymnanthera). These results indicated that the differences in soil water availability, light, and soil development resulting from different habitats have a significant impact on leaf-scale WUE and nutrient status on Wuyi Mountain. Therefore, there may be a close relationship between WUE and leaf nutrients, which would help us to better understand the water-, carbon-, and nutrient-coupled relationships for the evergreen broad-leaved tree species in this region.
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1. Introduction


In recent years, global climate warming and corresponding environmental changes have significantly affected the plant community structure and function in terrestrial ecosystems [1]. Firstly, to cope with climate and environmental changes, plants will develop a series of physiological and ecological regulatory mechanisms, the critical aspect of which is to modulate plant water use efficiency (WUE) [2,3]. WUE is defined as the function between carbon assimilation rate and stomatal conductance [4]. Hence, WUE not only reflects the balance of water supply and consumption for plant growth [5] but also can indicate the plant’s adaptation to environmental changes [2,6]. Secondly, as the essential nutrients for plant growth, carbon (C), nitrogen (N), and phosphorus (P) can substantially influence the physiological and ecological function of the plants [7,8,9]. As the most crucial structural element in plant tissues, C accounts for about 50% of plant dry matter and is a substrate and energy source for various physiological and biochemical processes in plants [10,11]. N and P are the two most important limiting elements for plant growth, and the C, N, and P contents, as well as their stoichiometric ratios (i.e., C:N ratio, C:P ratio, and N:P ratio), can effectively reflect the uptake assimilation capacity and nutrient limitation of plants [8,12,13]. There have been many studies on leaf-scale WUE [2,3,5,6,14,15,16,17,18] and C, N, and P nutrients [7,8,10,19,20]. However, the intrinsic correlation between the leaf-level WUE and leaf nutrients is not well studied [9,21], which limits our understanding of the coupled relationships between carbon–water cycling and nutrient cycling in terrestrial ecosystems.



In C3 plants, leaf-scale ‘intrinsic’ WUE can be identified by the stable carbon isotope ratio in a leaf (δ13Cp), due to the fact that it is primarily related to the ratio of the intercellular (Ci) to the atmospheric (Ca) partial pressure of CO2 (Ci/Ca; [4,22,23]). As a sensitive indicator in response to climate and environmental changes, leaf-scale WUE is generally influenced by external environmental conditions (such as water availability and light) and internal leaf nutrients. For example, Liu et al. (2021) found that the leaf δ13Cp and WUE values of desert plants in northern China decreased with increasing annual precipitation, which was mainly because the increase in rainfall enhanced plant water availability and reduced light radiation [15]. Moreover, a soil water deficit can lead to stomatal closure and reduced stomatal conductance, resulting in a lower ratio of Ci/Ca and a higher leaf δ13Cp and WUE [4,22,23,24]. Moreover, light differences can affect the leaf δ13Cp and WUE by influencing chlorophyll content, leaf phototropism, carboxylase activity, and other biochemical processes that are related to photosynthesis in plants [11]. In addition to environmental factors, the plant’s nutrient status also can influence leaf-scale WUE by modulating plant photosynthesis. For instance, the leaf P content tends to be positively correlated with the photosynthetic rate [25]. This is because, under a shortage of P, the influence of chloroplasts on the photosynthetic rate is greater than that of stomatal conductance [26]. Likewise, the increase in leaf N content could enhance photosynthesis mainly by promoting the activity of enzymes [27]. At the leaf level, WUE was positively correlated with leaf P content, but it was not significantly associated with leaf N content in a P-limited subtropical forest [9,28]. However, the WUE of broad-leaf trees was positively correlated both with the leaf N and P contents in a temperate forest [11]. In rubber forests, WUE was positively correlated with the leaf N and P content but negatively correlated with the leaf N:P ratio [29].



The subtropical evergreen broad-leaved forest is one of the most important vegetation types in the Wuyi Mountains of southern China [30]. Changes in intrinsic WUE have been reported for different life types (i.e., trees, shrubs, and herbs) along the altitudinal gradient of Wuyi Mountain [21]. However, to date, a systematic study on the leaf-scale WUE changes and their coupling relationship with leaf nutrients in this region under different habitat conditions is still unclear. In this study, we selected five common trees (i.e., Castanopsis eyrei, Symplocos laurina, Machilus grijsii, Ternstroemia gymnanthera, and Rhododendron ovatum) as the target plants under different habitats (i.e., hillside, near the top of the peak, and peak) in a subtropical broad-leaf evergreen forest on the western slope of Wuyi Mountain, southern China. By measuring the leaf δ13Cp and the C, N, and P contents for these five tree species, our main aims are (1) to determine the variation patterns of leaf-scale WUE from hillside to peak; (2) to analyze the differences in leaf C, N, P contents and their stoichiometric ratios under different habitat conditions; and (3) to explore the relationship between intrinsic WUE and leaf nutrients for the five tree species. These results would help us to better understand the coupled relationships between WUE and nutrients for the evergreen broad-leaved tree species in this region.




2. Materials and Methods


2.1. Study Area, Experimental Design, and Sample Collection


We conducted the study in a subtropical evergreen broad-leaved forest (27°40′50″ N, 117°09′11″ E), which is located within Jiangxi Matou Mountain National Nature Reserve in Zixi County, Jiangxi Province, southern China (Figure 1). The study area lies on the western slope of Wuyi Mountain, where it preserves a larger area of native evergreen broad-leaved forests with a high forest coverage of 96.3%, making it an important gene pool of biological resources in the world. It has a typical subtropical humid monsoon climate with an annual average temperature of 17 °C, an annual average precipitation of 1930 mm, and a relative humidity of 83%. In this forest, the dominant species are mainly composed of evergreen and deciduous trees such as C. eyrei, Lithocarpus litseifolius, Schima superba, S. laurina, M. grijsii, T. gymnanthera, Alniphyllum fortune., etc. The soil types belong to red soil and red–yellow soil according to the Genetic Soil Classification of China [31].



In October 2020, three sample plots with different habitat types (i.e., hillside in the northeast slope (H–NE), near the top of the peak in the southwest slope (NP–SW), and peak in the southwest slope (P–SW)) were set up in this subtropical evergreen broad-leaved forest (Figure 1 and Table 1). Five common dominant tree species (i.e., C. eyrei, S. laurina, M. grijsii, T. gymnanthera, and R. ovatum) were selected as target plants in each sample plot. In each plot, four quadrats with a size of 20 m × 20 m were randomly set up to investigate the five target trees. For each target species, five plants with similar heights and diameters at breast height (DBH) in each quadrat were selected to collect 10–15 mature leaves. The collected leaf samples were washed with pure water to remove surface impurities and dust, brought back to the laboratory, and oven-dried at 80 °C for 48 h. Each dried sample was then crushed using an onyx grinder, sieved through a 100-mesh sieve, and used as a sample to be tested. Meanwhile, soil samples from 0 to 30 cm were collected with a soil core (5 cm in diameter) after removing the forest floor in each sample plot according to a 10 m × 10 m grid to determine the initial soil moisture and nutrient contents.




2.2. Sample Chemical Analysis


The soil water content was measured using the oven-drying method. Air-dried soil samples were milled to pass through a 0.15 mm sieve to analyze the soil nutrient contents. In this experiment, N and P contents were measured colorimetrically on an Autoanalyzer (AA3, Seal Analytical, Norderstedt, Germany) after acid digestion with 98% H2SO4 and 30% H2O2. Organic C content was measured with an elemental analyzer (Flash 2000 HT, Thermo Fisher Scientific, Bremen, Germany) [31]. In addition, 0.04~0.05 mg of dried leaf sample was weighed and placed in pre-burned tin capsules (3.5 × 9 mm) for stable carbon isotope measurement. The leaf δ13C was determined using an isotope ratio mass spectrometer (IRMS) (Delta V Advantage, Thermo Fisher Scientific, Bremen, Germany) coupled with an elemental analyzer (Flash EA 2000 HT, Thermo Fisher Scientific, Bremen, Germany) at the IRMS laboratory of Jiangxi Agricultural University. The cellulose standard (IAEA-CH3; δ13C = −24.724‰), L-glutamic acid (USGS40; δ13C = −26.39‰), and urea (CO(NH2)2; δ13C = −41.30‰) were used to calibrate the δ13C measurements, respectively. The standard deviation for the repeated analysis of an internal standard was <0.03‰.




2.3. Calculation of Water Use Efficiency (WUE)


The leaf-scale WUE is defined as the ratio of the rate of carbon assimilation (A, photosynthesis) and stomatal conductance (gs) and can be estimated from the stable carbon isotope discrimination value in leaves (∆13Cp) using the following equation [4,18,22,23]:


WUE = A/gs = (Ca − Ci)/1.6 = Ca (b − ∆13Cp)/[1.6 (b − a)]



(1)




where ∆13Cp is the stable carbon isotope discrimination value (Equation (2)), Ci is the intercellular CO2 concentration, Ca is the atmospheric CO2 concentration obtained from Equation (3), a (4.4‰) is the fractionation during the diffusion of CO2, b (27‰) is the biochemical fractionation, and 1.6 is the ratio of the diffusivities of water vapor and carbon dioxide [22,23].



The stable carbon isotope discrimination value (∆13Cp; Equation (2)) [4,22,23], atmospheric CO2 concentration (Ca; Equation (3)) [5,17], and stable carbon isotopic ratio (δ13Catm; Equation (4)) [5,17] were calculated from the following equations, respectively:


∆13Cp = a + (b − a) Ci/Ca = (δ13Catm − δ13Cp)/[(1 + δ13Cp)/1000]



(2)






Ca = 277.78 + 1.350exp (0.01572 (t − 1740))



(3)






δ13Catm = −6.429 − 0.006exp (0.0217 (t − 1740))



(4)







In the formula, δ13Cp is the stable carbon isotopic ratio of the leaves, and t is the sampling year. In this study, t = 2020, and substituting this into Equations (3) and (4), the Ca in 2020 was calculated to be 389.66 μmol mol−1, and δ13Catm was −6.93‰.




2.4. Statistical Analyses


The data were statistically analyzed using R-studio 4.1 software. A one-way analysis of variance (ANOVA) was employed to compare the differences in the leaf δ13Cp values, WUE, and nutrient contents of the same tree species under different habitat conditions. Additionally, the differences in soil water content, soil organic C content, soil total N content, and soil total P content were examined across different sampling plots. The significance level was set at 0.05. Linear fits were performed through a regression analysis of leaf-scale WUE to leaf N and P concentrations and the N:P ratio for each species, with 95% confidence intervals.





3. Results


3.1. Environmental Conditions under Different Habitat Types


There were significant differences in the environmental conditions under the three different habitat types (Table 1). Specifically, there was a smaller slope gradient and a lower altitude on the hillside on the northeast slope (H–NE), while there was the largest slope gradient and the highest altitude at the peak on the southwest slope (P–SW). For the soil properties, the soil water content decreased with an increasing altitudinal gradient from the hillside to the peak. However, the soil total C content, soil total N content, and soil total P content increased with an increasing altitudinal gradient from the hillside to the peak.




3.2. Leaf δ13Cp and WUE under Different Habitat Conditions


There were significant differences in the leaf δ13Cp and WUE for the five tree species under the different habitat conditions (Figure 2). From the hillside to the peak, a positive trend was observed in the leaf δ13Cp values of the five tree species. Consequently, the WUE values exhibited a corresponding increasing trend. Regardless of species, the relatively more negative leaf δ13Cp values are mainly found at the hillside, but the relatively positive leaf δ13Cp values are generated at the peak (Figure 2a). Thus, there was lower WUE at the hillside but higher WUE at the peak (Figure 2b).




3.3. Leaf Nutrients and Their Stoichiometric Ratios under Different Habitat Conditions


There were also significant differences in the leaf N and P contents and stoichiometric ratios under the different habitat conditions, but no significant differences in the leaf C contents (Figure 3 and Figure 4). From the hillside to the peak, the leaf N and P contents of the five tree species showed an increasing trend (Figure 3), but the leaf C:N ratio, C:P ratio, and N:P ratio exhibited a decreasing trend (Figure 4). Specifically, the leaf N content ranged from 6.95 mg g−1 to 16.29 mg g−1, the leaf P content ranged from 0.69 mg g−1 to 1.51 mg g−1, the leaf C:N ratio ranged from 26.07 to 72.37, the leaf C:P ratio ranged from 290.56 to 744.28, and the leaf N:P ratio ranged from 8.77 to 14.98. Overall, the leaf N and P contents at the peak were higher than those at the hillside (Figure 3b,c), while the leaf C:N, C:P, and N:P ratios at the peak were lower than those at the hillside (Figure 4).




3.4. Relationships between Leaf Nutrients and WUE


The leaf nutrients (i.e., N, P, and N:P ratio) both had a significant relationship with WUE for three of the tree species, namely C. eyrei, S. laurina, and T. gymnanthera, while only either N or P had a significant relationship with WUE for the remaining two tree species, M. grijsii and R. ovatum (Figure 5). Specifically, the leaf N content was significantly positively correlated with WUE for C. eyrei (r = 0.494; Slope = 1.13; p < 0.05; Figure 5a), S. laurina (r = 0.442; Slope = 1.47; p < 0.05; Figure 5d), M. grijsii (r = 0.691; Slope = 2.33; p < 0.01; Figure 5g), and T. gymnanthera (r = 0.728; Slope = 2.66; p < 0.01; Figure 5j), but not for R. ovatum (p > 0.05; Figure 5m). The leaf P content was also significantly positively correlated with WUE for C. eyrei (r = 0.759; Slope = 13.82; p < 0.01; Figure 5b), S. laurina (r = 0.899; Slope = 32.77; p < 0.01; Figure 5e), T. gymnanthera (r = 0.558; Slope = 18.89; p < 0.05; Figure 5k), and R. ovatum (r = 0.474; Slope = 7.98; p < 0.05; Figure 5n), but not for M. grijsii (p > 0.05; Figure 5h). However, the leaf N:P ratio was significantly negatively correlated with WUE for C. eyrei (r = −0.483; Slope = −0.83; p < 0.05; Figure 5c), S. laurina (r = −0.646; Slope = −1.85; p < 0.01; Figure 5f), and T. gymnanthera (r = −0.492; Slope = −4.09; p < 0.05; Figure 5l), but not for M. grijsii (p > 0.05; Figure 5i) and R. ovatum (p > 0.05; Figure 5o).





4. Discussion


4.1. Effect of Habitat Types on Leaf-Scale WUE


At the local scale, water availability and light conditions are considered the two most important environmental factors to influence the leaf-scale WUE, mainly by controlling the stomatal conductance or photosynthetic capacity [4,11,17]. In this subtropical forest, the δ13Cp values of five tree species showed an increasing trend with decreasing soil moisture from the hillside to the peak (Table 1 and Figure 2), suggesting that soil water content has a more significant influence on leaf-scale WUE. Similarly, Huang et al. (2019) found that the leaf δ13Cp values of trees gradually increased from the depression to the hilltop due to decreased soil moisture in a karst seasonal rainforest [17]. Zhang et al. (2017) also found that whether the instantaneous WUE derived from the gas exchange or the intrinsic WUE calculated from the carbon isotope model for the Platycladus orientalis seedling, both reached their maximum value at the lowest soil water content [16]. Thus, these two results are consistent with our study, implying that leaf-scale WUE is highly sensitive to soil water availability. The regulation mechanisms of soil water availability for the leaf-scale WUE may be the following: In habitats with limited soil moisture, plant defense cells may reduce intracellular solutes through metabolic processes as a response to water scarcity in the root systems. This can lead to an increase in water potential and subsequent water loss within cells [4]. In this case, part of the stomata will be closed due to dehydration, and this physiological strategy can not only reduce plant transpiration but also decrease the ratio of Ci/Ca, thereby resulting in a more positive value of δ13C and higher WUE [22,23]. In contrast, stomatal conductance functions at its full capacity, resulting in a more negative value of δ13C and lower WUE in a moist habitat [6].



In addition to water availability, light is another important environmental factor that can affect leaf-scale WUE [11,17]. This is mainly because photosynthetic processes such as chlorophyll distribution, leaf phototropism, and carboxylase activity are all closely related to light [32]. Considering that the insolation index at the peak may be higher than that of the hillside, more light will lead to an increase in CO2 assimilated by photosynthesis, which may decrease stomatal conductance and result in a higher leaf δ13Cp value and WUE for the high-altitude species than for the low-altitude species (Figure 2). Huang et al. (2019) also found that the leaf δ13Cp value and WUE of Sterculia monosperma gradually increased from the depression to the peak with an increase in the insolation index [17]. Similarly, the δ13Cp and WUE values were higher in leaves at the top of the canopy than in leaves at the lower canopy due to differences in light intensity in the forest canopy structure [11,32]. Therefore, this evidence suggested that habitat-induced differences in soil water availability and light intensity can significantly affect leaf-scale WUE values.




4.2. Effect of Habitat Types on Leaf Nutrients and Their Stoichiometric Ratios


Leaf C, N, and P contents could reflect the nutrient uptake status of the plants, which is mainly influenced by soil nutrients, temperature, precipitation, mycorrhizal, and succession time [12,19,20,33]. In this study, we found that the leaf N and P contents showed an increasing trend with an altitudinal gradient from the hillside to the peak for the five species, despite no significant difference in the leaf C content (Figure 3b,c). In general, as the most crucial element in the dry matter of the plant, C is primarily derived from CO2 assimilation during photosynthesis; thus, it is not a limiting element for plant growth [7,20]. On the one hand, plants’ N sources are influenced by the weathering of parent rocks and the decomposition of organic matter in the soil. On the other hand, plants can also obtain N sources from the atmosphere through biological and high-energy N-fixation [34]. In this region, the succession time of the subtropical broad-leaved evergreen forests dominated by Castanopsis eyrei at the peak was often longer than that at the hillside, which led to the soil organic matter and soil total N contents being greater at the peak than at the hillside (Table 1). Thus, we found that the leaf N content was increased with increasing altitude from the hillside to the peak (Figure 3b). However, a plant’s P content is mainly derived from a parent rock’s weathering; hence, the soil total P content is lower if the weathering time of the parent rock is longer [13]. In this case, the plant will suffer from a stronger P limitation, particularly in subtropical forests [35]. We found that the leaf P content showed an increasing trend from the hillside to the peak (Figure 3c). This is mainly because the chemical weathering of the parent rock decreases with increasing altitude on Wuyi Mountain [21]. This leads to increased soil P content in the high-altitude habitats, resulting in a higher leaf P content at the peak.



The leaf C:N and C:P ratios reflect the plant’s ability to assimilate C as it absorbs N and P; hence, they are often used to indicate a plant’s nutrient use efficiency [7,11,20]. In this subtropical forest, we found that the leaf C:N and C:P ratios decreased with an increase in altitudinal gradient, suggesting that the hillside has a higher nutrient utilization efficiency than the peak due to the relatively lower leaf N and P contents in the low-altitude habitat (Figure 4a,b). In addition, the leaf N:P ratio can be used to assess the nutrient limitation status of plants to some extent [13]. At the community level, Townsend et al. (2007) suggested that N limitation likely occurs at an N:P ratio < 14, with P limitation probable at an N:P ratio > 16, and maybe both N- and P limitations when 14 < N:P < 16 [36]. In this region, we found that the leaf N:P ratio of the five tree species was chiefly less than 14 at the peak (Figure 4c), suggesting that plant growth was generally limited by N in high-altitude habitats. Interestingly, the leaf N:P ratio of most of the tree species on the hillside ranged between 14 and 16 (Figure 4c), suggesting that the growth of plants in this habitat is likely co-limited both by N and P. However, the subtropical forest was often considered a P-limited ecosystem [35,36]. This is not quite consistent with our results, and the main reason for this may be related to the degree of soil development. As mentioned earlier, on Wuyi Mountain, there is a weaker weathering intensity of the parent rock on the high-altitude mountain than that of the low-altitude mountain [21]. Therefore, at the mountain peak, the soil has a higher P content, which results in plants experiencing N limitation (Table 1). On the contrary, there is a more serious loss in P in mineral soils on the hillside due to the stronger soil development degree; hence, plant growth in this habitat is often subjected to the co-limitation of N and P. These results further implied that the difference in soil development caused by habitats will significantly affect the leaf nutrients and their C N P stoichiometric ratios in the subtropical forest ecosystem.




4.3. The Coupling Relationships between WUE and Leaf Nutrients for the Five Tree Species


Theoretically, there is a close coupling relationship between intrinsic WUE and leaf traits in terrestrial ecosystems [14]. Leaf nutrients (e.g., N and P) influence intrinsic WUE mainly by modulating photosynthetic and transpiration rates [9,11,21,29]. N is an essential component of chlorophyll, proteins, and enzymes in plants, which can significantly impact plant photosynthesis [37]. It has been shown that an increased N content can promote chlorophyll and protein synthesis and increase leaf area, thereby increasing plant photosynthesis [14,27]. Moreover, increased N availability can also enhance the nutrient content of non-light organs, which will further increase cellular osmotic pressure and reduce water loss in leaves, thereby increasing WUE [38]. Similarly, the effects of P on leaf-scale WUE are mainly due to its influence on the Rubisco carboxylase, chlorophyll content, and corresponding photosynthetic rate [25]. Generally, P in mineral soils can be easily transported to the surface of the fine roots to increase the P concentration in the leaves under transpiration stress, thus causing a positive correlation between leaf P content and transpiration rate [27]. A recent study has proved that an increase in foliar P concentration could indirectly enhance the leaf-scale WUE in a subtropical forest [9]. The results of the above studies both support a positive correlation between WUE and both leaf N and P content, which is consistent with our research (Figure 5). In addition, the leaf N:P ratio was also closely correlated with intrinsic WUE [8,28]. It was found that the photosynthesis rate could reach its optimum value when the leaf N:P ratio was 12. Thus, the leaf N:P ratio was positively correlated with the photosynthesis rate at an N:P ratio < 12; however, the leaf N:P ratio was negatively correlated with the photosynthetic rate at an N:P ratio > 12 [39]. In our study, for most of the species, the leaf N:P ratio was greater than 12; hence, intrinsic WUE was negatively correlated with the leaf N:P ratio (Figure 5). However, it is worth noting that the WUE of three of the tree species (i.e., C. eyrei, S. laurina, and T. gymnanthera) showed significant relationships both with the leaf N content, leaf P content, and leaf N:P ratio, while the WUE of the other two tree species (i.e., M. grijsii and R. ovatum) showed a significant positive correlation with only either the leaf N content or the leaf P content (Figure 5). We found that the increased rates of P for the three tree species were faster than those of N (i.e., the slope values of P were higher than those of N) with increased WUE from the hillside to the peak, meaning that P may be more important for modulating WUE for these tree species in the subtropic forest, which has been well-demonstrated in a recent study [9]. Thus, WUE was negatively correlated with the leaf N:P ratio for the three tree species (Figure 5). On the contrary, the increased rates of N for the other two tree species (i.e., M. grijsii and R. ovatum) were faster or the same as that of P, which would result in no significant correlations between WUE and the leaf N:P ratio for these two tree species. Thus, we suppose that this asynchrony among plants may be caused by differences in the rates of N or P uptake of species, which still requires further research in the future. Overall, our results suggested that N and P and their stoichiometry balance could co-modulate the water utilization for the five evergreen broad-leaved tree species in this region.





5. Conclusions


In this study, we investigated the leaf-scale WUE and leaf nutrients of five tree species (C. eyrei, S. laurina, M. grijsii, T. gymnanthera, and R. ovatum) in three different habitat types (i.e., hillside, near the top of the peak, and peak) on the western slope of the Wuyi Mountain in southern China. From the hillside to the peak, the leaf-scale WUE of the tree species increased gradually with the decrease in soil moisture and the increase in light. The leaf N and P contents showed an increasing trend due to an increase in soil nutrients, whereas the leaf C:N, C:P, and N:P ratios showed a decreasing trend. More importantly, we found that leaf-scale WUE was positively correlated with the leaf N and P contents but was negatively correlated with the leaf N:P ratio, especially for three of the five species (i.e., C. eyrei, S. laurina, and T. gymnanthera). These results indicated that changes in leaf-scale WUE and nutrients of evergreen broad-leaved tree species under different habitat types are mainly driven by differences in soil water availability, light, and soil development sequence, despite there being interspecific differences. It was also emphasized that leaf nutrients can be used as potential proxies to identify the variations in leaf-scale WUE for specific species. In summary, our findings are valuable for understanding the water-, carbon-, and nutrient-coupled relationships for the evergreen broad-leaved tree species, which are important in the face of global changes.
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Figure 1. Location of the study area and sampling points. 
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Figure 2. Leaf δ13Cp (a) and WUE (b) of five tree species under different habitat conditions in a subtropical broadleaf evergreen forest on the western slope of Wuyi Mountain in southern China. Notes: H–NE: hillside on the northeast slope; NP–SW: near the top of the peak on the southwest slope; P–SW: the peak on the southwest slope. The different lowercase letters (a, b, c) mean that there is a significant difference among the treatments (H–NE, NP–SW, and P–SW) at p < 0.05. 
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Figure 3. Leaf C content (a), N content (b), and P content (c) of five tree species under different habitat conditions in a subtropical broad-leaf evergreen forest on the western slope of Wuyi Mountain in southern China. Notes: H–NE: hillside on the northeast slope; NP–SW: near the top of the peak on the southwest slope; P–SW: the peak on the southwest slope. The different lowercase letters (a, b, c) mean that there is a significant difference among the treatments (H–NE, NP–SW, and P–SW) at p < 0.05. 
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Figure 4. Leaf C:N ratio (a), C:P ratio (b), and N:P ratio (c) of five tree species under different habitat conditions in a subtropical broadleaf evergreen forest on the western slope of Wuyi Mountain in southern China. Notes: H–NE: hillside on the northeast slope; NP–SW: near the top of the peak on the southwest slope; P–SW: the peak on the southwest slope. The different lowercase letters (a, b, c) mean that there is a significant difference among the treatments (H–NE, NP–SW, and P–SW) at p < 0.05. 
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Figure 5. The relationship between WUE and the leaf N content, leaf P content, and leaf N:P of the five tree species in a subtropical broad-leaf evergreen forest on the western slope of Wuyi Mountain in southern China. Notes: the gray square represents C. eyrei (a–c), the red circle represents S. laurina (d–f), the blue triangle up represents M. grijsii (g–i), the green triangle down represents T. gymnanthera (j–l), and the pink diamond represents R. ovatum (m–o). The linear fits were used to test the coupling between WUE and leaf nutrients with the significance level set at 0.05. The shadow indicates 95% confidence intervals. 
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Table 1. Basic situation of plant growth environments of three sample plots in a subtropical broad-leaf evergreen forest on the western slope of Wuyi Mountain in southern China.
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	Habitat Type
	Aspect
	Slope

Gradient (°)
	Altitude

(m)
	Soil Water Content (%)
	Soil Total C Content

(mg g−1)
	Soil Total N Content (mg g−1)
	Soil Total P Content

(mg g−1)





	Hillside
	NE
	30
	275
	28.57 ± 0.51 a
	41.02 ± 1.81 c
	1.08 ± 0.07 b
	0.16 ± 0.01 c



	Near the top of the peak
	SW
	38
	356
	17.89 ± 0.79 b
	62.17 ± 8.57 b
	1.70 ± 0.24 a
	0.35 ± 0.03 b



	Peak
	SW
	40
	370
	19.96 ± 1.63 b
	87.67 ± 12.83 a
	1.81 ± 0.19 a
	0.43 ± 0.01 a







Notes: NE: northeast slope; SW: southwest slope. Data are mean value ± standard error. The different lowercase letters in the same column indicate a significant difference in soil properties among stands at p < 0.05.
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