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Carbon absorption capability and morphological traits are crucial for plant leaf function performance. Here, we investigated the five bamboos at different elevations in Wuyi Mountain to clarify how the leaf trait responds to the elevational gradient and drives the photosynthetic capacity variations. The Standardized Major Axis Regression (SMA) analyses and the Structural Equation Model (SEM) are applied to identify how the bamboo leaf trait, including the ratio of leaf width to length (W/L), leaf mass per area (LMA), photosynthesis rates (Pn), leaf nitrogen, and phosphorus concentration (Leaf N and Leaf P) response to elevation environment, and the driving mechanism of Pn changes. Across the five bamboo species, our results revealed that leaf P scaled isometrically with respect to W/L, leaf N scaled allometrically as the 0.80-power of leaf P, and leaf N and leaf P scaled allometrically to Pn, with the exponents of 0.58 and 0.73, respectively. Besides, the SEM result showed altitude, morphological trait (W/L and LMA), and chemical trait (leaf N and leaf P) could together explain the 44% variations of Pn, with a standard total effect value of 70.0%, 38.5%, 23.6% to leaf P, leaf N, and W/L, respectively. The five bamboo species along the different elevational share an isometric scaling relationship between their leaf P and W/L, providing partial support for the general rule and operating between morphological and chemical traits. More importantly, the leaf W/L and leaf P as the main trait that affects leaf area and P utilization in growth and thus drives bamboo leaf photosynthetic capacity variations in different elevations.
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Introduction

The leaf is the main photosynthetic organ of most vascular plants in the world, which reflects the long-term adaptation characteristics of plants and thus is most sensitive to environmental changes. The field of the leaf economic spectrum shows that there have mechanism trade-offs between acquisition and conservation among the leaf traits, which are closely related to the adjustment of plant life history strategies (Westoby et al., 2002; Reich, 2014). Several previous studies have found that from leaf anatomy structure to leaf morphology (Sack and Scoffoni, 2013; Li et al., 2022a; Shi et al., 2022; Shi et al., 2023), leaf–branch (Sun et al., 2019) and leaf–stem–root dimensions (Li et al., 2021a) reveal that leaf traits play an important role in understanding plant economic spectrum variations. It is also a critical basis for learning the adaptation of forest ecosystem functions to future climate change (Poorter et al., 2009).

The main factors that affect the leaf traits include altitude, light, temperature, humidity, and other abiotic factors. Indeed, light availability is crucial for shaping leaf traits. For instance, prior studies indicate that leaf mass per area (LMA) decreased with decreased light intensity (Ackerly et al., 2002). In a mixed forest community, a decrease in a light gradient along the exposed canopy to the closed canopy resulted in a significant increase in nitrogen concentration per leaf area (Narea) (Okubo et al., 2012) and a decrease in leaf LMA. In addition, the low LMA and not the high LMA of species was always favored in north-facing slopes (Li et al., 2021b). Therefore, to adapt to the low light conditions, the plants try to keep decreasing the structural cost per unit leaf area and increase nitrogen content to strengthen photosynthesis for survival. In both contexts, the elevations not only affect the light availability but also have comprehensive effects on temperature, moisture, and soil nutrient conditions to leaf functional traits (Hulshof et al., 2013). Previous works suggest that the leaf size and thickness of Rhododendrons decreased with increasing elevation in the Sikkim Himalaya (Basnett and Devy, 2021), and other studies show that LMA and Narea have decreased with the increase of elevational gradients (Read et al., 2014). Indeed, altitude was usually found to affect the plant leaves’ morphology traits (Manishimwe et al., 2022) and nitrogen or phosphorus concentration (van de Weg et al., 2009). However, the elevational environments could not independently dominate the adjustment of leaf functional traits, but the scaling relationships between leaf traits might be another reason that strongly affects the leaf function performance. For instance, He et al. (2006b) found that N content (Narea) and the photosynthetic rate (Aarea) are significantly positively correlated with LMA in the Tibetan Plateau, which is consistent with Wright et al.’s (2004) test in global data. Previous work indicates that N allocation and Rubisco activation state have a strong influence on photosynthetic rates in forests (Bahar et al., 2017). Interestingly, the isometric scaling relationship between N and P content in three subtropical forests, which is different from results reported by Wright et al. (2004), suggests that leaf P may be defining the photosynthetic capacity in stronger P limitation ecosystems (Chen et al., 2020), especially in the subtropical forest (Zhang et al., 2018). Thus, we spectate a general rule that controls carbon assimilation rate variations and operates based on the scaling of leaf morphology traits and leaf N and P concentration in the subtropical forest along the different elevations.

Unfortunately, although the majority of woody species are examined in these contexts, little is known about the leaf functional traits response to environmental factors among grass species, particularly for large perennial grasses such as bamboo that grow in tropical and temperate forests. With increasing elevation, the ratio of bamboo leaf width to length (W/L) increased significantly while leaf area and mass decreased (Guo et al., 2018). Further, the W/L has been demonstrated to be strongly correlated with leaf shape variations and is critical to learn the scaling relationships between bamboo leaf size and leaf structural, chemical, and physiological traits (Lin et al., 2020; Shi et al., 2020; Yao et al., 2022). Moreover, the specific leaf area of Fargesia nitida and F. angustissima may be adjusted by the species-specific sensitivity to temperature and show the non-linear changes along the different elevation gradients in Wolong Nature Reserve, West China (Wu et al., 2010). Indeed, altitude was usually found to affect the bamboo leaves’ morphology (i.e., leaf length and leaf width) and chemical traits (i.e., leaf N and leaf P) (Guo et al., 2018; Aribal et al., 2022). Thus, it is necessary to properly consider changes in bamboo leaf morphological characteristics because bamboo leaf morphology has a crucial influence on leaf area and is available for light capture (Guo et al., 2018; Lin et al., 2020). Under the open habitat area, dwarf bamboo (F. nitida) leaves might become thinner and wider, and leaf LMA, the dark respiration rate, and light-saturated point decreased, but the leaf chlorophyll content and nitrogen concentration are increased (Yang et al., 2013). In addition, other studies have found that the photosynthetic characteristics of Phyllostachys edulis are closely related to the growth stage, and the maximum photosynthetic rate decreases gradually as the leaf matures to senescence, while the light compensation point increases gradually as the leaf senescence (Shi et al., 2009). In the future, bamboo may adapt to nitrogen deposition or drought environments by changing the aboveground and underground nitrogen allocation and leaf N:P ratio (N:P) (Gao et al., 2020). More importantly, recent reports suggest that leaf P plays a crucial role in the high utilization of Moso bamboo growth (Li et al., 2021c; Li et al., 2022b). However, few studies have examined the scaling relationships between bamboo leaf morphological traits and leaf N and P along an altitudinal gradient. Further, the driving mechanism based on leaf morphological traits and leaf N and P that affects the photosynthetic capability is also not well understood.

Leaf traits include LMA, the W/L, nitrogen and phosphorus concentration (leaf N and P), and photosynthesis rates (Pn) collected from five bamboos located along the different elevations in Wuyishan National Park. The data were used to here determine 1) how bamboo leaf LMA and W/L scales to Pn, leaf N, and leaf P across the different elevational gradients, 2) and how these leaf traits together drive the bamboo’s carbon capture capability changes. We first analyzed the bamboo leaf trait variations and their scaling relationships across the different elevational gradients. Then, we established a structural equation model to explore the mechanisms of how the altitude, leaf morphology, and chemical traits drive the carbon assimilation rates to change.





Materials and methods




Site description

The samples sites are located in the Wuyishan National Park (117°24’13”–117°59’19”E, 27°31’20”–27°55’49”N) on the border of Fujian and Jiangxi Province. The total area of Wuyishan National Park is approximately 1,280 km2, and the Jiangxi area accounts for 278.57 km2. The region has a subtropical monsoon climate, with high temperatures and rain in July and pleasantly moist in January. The average annual temperature in the park is approximately 17°C–19°C, and the average annual precipitation is 1,684–1,780 mm. The highest peak of Wuyi Mountain is 2,160.8 m above sea level and the highest peak in the southeast of the Chinese mainland. There are developed complete altitudinal belt spectra in vegetation along the different elevations in Wuyi Mountain. The forest communities including from P. edulis forest and evergreen forest in low elevations, coniferous and broad-leaved mixed forest and deciduous forest in medium elevations, to dwarf forest and mountainous steppe in high elevations.

Five typical bamboo species (P. edulis, I. tessellatus, O. oedogonatum, Yushania hirticaulis, and Y. wuyishanensis) were examined along different elevations (see Sun et al., 2017). Owing to the size differences among the five species, two plot sizes were used. Specifically, three 10 m × 10 m plots were established for P. edulis at elevations 840, 1,040, and 1,240 m a.s.l.; three 10 m × 10 m plots were established for O. oedogonatum at elevations 1,100, 1,200, and 1,400 m a.s.l.; three 5 m × 5 m plots were established for I. tessellatu at elevations 1,040, 1,440, and 1,840 m a.s.l.; and three 5 m × 5 m plots were established for Y. hirticaulis (1,800 m a.s.l.) and Y. wuyishanensis at an elevation of 2,100 m a.s.l. All plots were located at least 20 m apart.





Sample collection

In the summer of 2017, three individuals of 3-year-old bamboo with average height and DBH were selected from each plot between 9:00 and 12:00 a.m. Overall, nine branches in each altitude gradient (three branches for each individual and the total number of samples is 99) were collected from canopies and immediately placed in water to reduce water loss. Embolisms were removed by recutting branch ends under water (Yoder et al., 1994; Mori et al., 2010; Michaletz et al., 2016). The LI-6800 portable photosynthesis system (LI-COR, Lincoln, NE, USA) was used to measure Pn. We randomly selected and tested 5 to 10 leaves (no visible signs of herbivory or disease) and recorded the mean values of Pn for each branch. The light intensity of the leaf chamber is set to 1,600 μmol m-2 s-1, the temperature of the leaf chamber is set to 25°C, and the humidity is 55%. The carbon dioxide concentration is set to 400 µmol mol-1, and the flow rate is set to 500 mmol s-1.

When the photosynthetic and respiration measurement was done, the leaves were brought back to the laboratory and scanned by an Epson V19 scanner (Epson V19, Epson, Suwa, Japan). The length and width of leaves were calculated by Image J software (National Institute of Health, Bethesda, ML, USA). The W/L is calculated as the ratio of width to length. Finally, the leaf samples were placed in the oven at 105°C for 1 h and then dried at 75°C to constant and weighed. The LMA was calculated by leaf weight and area. In addition, the dried bamboo leaves were crushed by a ball mill and screened through the 100-mesh nylon mesh and then sealed in a sealed bag for measurements. The leaf nitrogen concentration in leaves (leaf N) were measured with a Germany Vario EL III Element Analyzer, and phosphorus concentration (leaf P) was determined by a continuous flow analyzer (San ++, SKALAR, Netherlands).





Data analysis

The SPSS19.0 software was used to analyze the mean and standard deviation of the leaf functional traits of each bamboo species, and Pearson correlation analysis analyzed the correlations between traits. The relationships between bamboo leaf functional traits were best fit by the mathematical equation log (y) = log (β) + αlog (x), where β is the normalization constant and α is the scaling exponent. Model Type II regression was used to determine the numerical values of β and α using the (Standardised) Major Axis Estimation package ‘smatr’ version 4.0.0 in R software (R Core Team, 2020; Warton et al., 2012). The data from species showing no statistically significant differences in the numerical values of the two regression parameters were pooled to determine a common scaling exponent using the standardized major axis package in R (Warton et al., 2006; Warton et al., 2012). The significance level for testing slope heterogeneity was P < 0.05 (e.g., slope heterogeneity was rejected when P > 0.05). When α > 1 or α < 1, there is an allometric relationship between Y and M, while, when α = 1 or -1, there is an isometric scaling relationship.

A structural equation model was used to create an empirical model for predicting how morphology and nutrient affect the bamboo leaf carbon capture and economic trait variations. The model ran through SPSS AMOS 22.0 (SPSS. Inc. Chicago. IL, USA). The SEM was simplified and evaluated using maximum-likelihood chi-square tests (Grace et al., 2007). The CMIN/DF (the ratio of the chi-square test value and the degrees of freedom) was between 0.0 and 2.0, and CFI ≥ 0.90 or root mean square error of approximation (RMSEA) < 0.08; the model was considered appropriate in this study.






Results




Leaf-functional traits of five bamboos in different elevations

The leaf P of P. edulis and O. oedogonatum was the highest at low elevation, with a value of 1.71 g/kg, while the leaf P of I. tessellatus leaves was the highest at high elevation, with the values of 1.46 g/kg. Except for leaf P, no significant differences have been found in the W/L, leaf N, LMA, and Pn of P. edulis among the three elevations. The leaf N and LMA of O. oedogonatum were significantly higher at low elevations, but the leaf N of I. tessellatus was the highest at high elevations, and there was no significant difference in LMA between the three elevations. The Pn was the highest at high elevation for O. oedogonatum and I. tessellatus. The W/L, leaf N, leaf P, LMA, and Pn in the leaves of Y. wuyishanensis were significantly higher than those of Y. hirticaulis (T-test, P < 0.05).





The scaling relationships between bamboo leaf traits

There are significant positive correlations between W/L and leaf P, LMA versus Pn, leaf N and leaf P vs. Pn, leaf P and LMA vs. Pn, respectively, in bamboo species. The leaf P of different bamboos showed an isometric scaling relationship concerning W/L with α = 1.0, leaf N vs. Pn, and leaf P vs. Pn showed an allometric scaling relationship with exponents of 0.58 and 0.73, respectively. Meanwhile, leaf P and leaf N showed an allometric scaling relationship with an exponent of 0.80 (Figure 1). These results indicated that there was a significant trade-off between leaf P and W/L, leaf P and Pn, leaf N and Pn, and leaf N and leaf P.




Figure 1 | The allometric relationships among the functional traits of five bamboos in Wuyi Mountain. W/L, the ratio of leaf width to length; Pn, photosynthesis rates, leaf N, leaf nitrogen concentration; leaf P, leaf phosphorus concentration.



The structural equation model showed that elevation influenced LMA by regulating the W/L of bamboo leaves, and leaf nitrogen and phosphorus concentration drove the changes in photosynthetic characteristics. This model had a high goodness of fit (χ2/df = 1.73, CFI = 0.97, RMSEA = 0.086). The altitude, W/L, LMA, and leaf N and P could together explain 44% of the Pn variation in five bamboo species (Figure 2A). Among them, the standard total effect value of leaf P is 70.0%, leaf N is 38.5%, and W/L is 23.6% (Figure 2B). These results indicated that the leaf W/L rather than LMA mainly (<0.001) affects the leaf N and P and thus drive the changes of Pn among five bamboos at the different elevations.




Figure 2 | Structural equation model analysis (A) and standardized total effects values (B) of photosynthesis rates driven by leaf functional traits in five bamboos, Wuyi mountain. W/L, the ratio of leaf width to length; LMA, leaf mass per area; Pn, photosynthesis rates; Leaf N, leaf nitrogen concentration, Leaf P, leaf phosphorus concentration.








Discussion




The response of bamboo leaf functional traits to different elevations

The leaf P of P. edulis and O. oedogonatum decreased significantly with increasing elevations. It is consistent with the result that Huang et al. (2020) found the leaf P of P. edulis leaves decreased with increasing elevations. Thus, our results show the limitation of phosphorus to P. edulis and O. oedogonatum growth enhanced with the altitude increasing. A potential cause for such a low leaf P may be the temperature decreased with increasing elevations, which inhibited the soil phosphorus mineralization ability (Zhang et al., 2022). The second reason is bamboo renowned for its fast growth rate (Song et al., 2017), and fast-growing organisms need to increase demand for P content that constituted ribosomes, ATP, and RuBisCO (Reich and Oleksyn, 2004; Li et al., 2021c). Owing to environmental stresses increased with increased elevations (i.e., low temperatures and nutrient loss), the photosynthetic ability and growth rates will decrease to some extent, together resulting in a decrease in leaf P storage. In contrast, the leaf P of I. tessellatus showed higher at the high-elevation site than at either the low or middle elevation (Table 1), which concurred with Han et al.’s (2005) report that leaf P increased with the mean annual temperature across China. Interestingly, previous studies demonstrated that precipitation plays a crucial role in limiting the distribution of Moso bamboo rather than the temperature across mainland in China (Shi et al., 2020). Thus, not only climate factors but also the difference in vegetation types, soil physical traits, and chemical properties affected the leaf P and may exert huge differences (van de Weg et al., 2009). Likewise, the leaf N of I. tessellatus and O. oedogonatum showed opposite trends with elevation changes (Table 1). The controversial exerts herein indicate that leaf N may not be sensitive to temperature changes. Indeed, Hong et al. (2014) reported that no relationship has been found between the leaf N concentration and the annual average temperature. These results suggest that the elevation gradient has a stronger regulation on the leaf functional traits of O. oedogonatum and I. tessellatus than P. edulis. On the other hand, in the understory habitat, the responses of leaf N and P to the elevation gradient were significantly different between O. oedogonatum and I. tessellatus (Table 1), indicating that light availability is another factor that affects these traits. Furthermore, another work suggests that the variation of phylogenetics was the main factor that affected the leaf N concentrations rather than temperature (He et al., 2006a). Generally, leaf P and N are among the most crucial nutrients and limit photosynthesis ability in terrestrial ecosystems (Elser et al., 2007). Our results indicated that Pn was the highest at high elevations for I. tessellatus might benefit by having a higher nutrient concentration (leaf P the leaf N) than lower and medium elevations (Table 1).


Table 1 | The functional traits of five bamboo leaves.







Leaf phosphorus concentration and the ratio of width to length control the scaling of bamboo leaf traits

The functional traits of bamboo leaves may not only be regulated by a single environmental factor but are also constrained by the scaling relationships between leaf traits. Previous studies have found that there are extensive resource allocation strategies between leaf economic traits in plants, including leaf N and P, Pn, the respiration rate (Rd), and the leaf life span (LL) and LMA (Wright et al., 2004; Li et al., 2021a). For instance, Reich et al. (2010) suggest that a two-thirds allometric relationship exists between leaf N and P in major global plant communities. Indeed, our results show a significant positive correlation between leaf N and P across five bamboos (Table 2) with the scaling exponents of 0.80 (CIs: 0.68–0.94) (Figure 1). Moreover, it is not significantly different from the exponents of 0.69 (CIs: 0.63–0.79) that were found between leaf N and P in the global data (P0.69 = 0.06) reported by Reich et al. (2010). The scaling relationship between leaf N and P and Pn was α < 1.0, with the exponents of 0.58 and 0.73, respectively (Figure 1). It indicates that more leaf P than N might be needed to increase the Pn. There may be two reasons. One is that plants tend to have closer trait correlations when facing the pressure of resource acquisition and utilization (Liu et al., 2019). Under the condition of general phosphorus deficiency in a subtropical forest, the photosynthetic carbon acquisition capacity of leaves is limited by the change in leaf phosphorus content, indicating that bamboos have a high demand for the limiting the element phosphorus (Li et al., 2021c; Aribal et al., 2022). Second, the distribution of phosphorus components in leaves leads to the possibility that bamboo allocates more leaf P to the photosynthetic system. The plants usually increase metabolic phosphorus and reduce phospholipid input to enhance photosynthetic phosphorus utilization efficiency adapted to low-phosphorus environments (Hidaka and Kitayama, 2013; Hayes et al., 2018). Previous studies also indicate that bamboo could maintain the normal photosynthesis process and growth under low-phosphorus conditions (long-term nitrogen deposition test) (Song et al., 2020).


Table 2 | Correlation between leaf functional traits of five bamboo species in Wuyi Mountain.



As a crucial leaf trait, the LMA can be seen as the leaf investment of plants and closely correlates with the leaf life span (LL), nutrient concentration, and photosynthetic capacity (Westoby et al., 2002). In this study, LMA is positively related to leaf P but not with Pn (Table 2). Moreover, W/L is positively correlated with leaf P and Pn, respectively (Table 2), which indicates that Pn keeps pace with a leaf shape change. Consistent with some prior reports (e.g., Shi et al., 2020; Du et al., 2021), bamboo leaf surface area or specific leaf area mainly relies on the variation of W/L and thus has a closer relationship with carbon capture capacity. Therefore, we see that the positive relationship between Pn and W/L is an important attempt to reveal the links between bamboo physiological traits and leaf shape changes. Our results are consistent with the Lin et al.’s (2020) reports that W/L plays a key role in the studied leaf functional traits in bamboo, particularly in the scaling exponent of leaf dry mass vs. leaf area. Such a scaling relationship is often referred to as “diminishing returns” (Sun et al., 2017), indicating that gains in leaf area do not keep pace with increasing leaf mass investments. Nevertheless, our results found the isometric relationship between leaf P and W/L, which indicated that bamboo leaf shape increased proportionately with phosphorus concentration increase. Further, the allometric scaling relationship has been found between Pn and leaf P. In this context, it is critical to note that Pn gains do not keep pace with increasing leaf P and W/L investments. When these patterns are concerned together, it is reasonable to conclude that W/L should be included in the study of the leaf economic spectrum for bamboo in the future.





Effects of bamboo leaf functional traits on photosynthesis capability

Since the adjustment of leaf economic traits is deeply correlated with photosynthesis and productivity, it is necessary to quantitatively analyze the processes of leaf economic traits driven by environmental and intrinsic factors (Li et al., 2021a). The structural equation model has been used to quantitatively analyze the causal relationship between variables, which has been more mature in the field of plant functional trait research (Vile et al., 2006; Yu et al., 2022). This study hypothesized that elevation drives changes in leaf morphological characteristics and nutrient content that affect photosynthesis (Figure 2) as an initial model. Indeed, the data analysis revealed that altitude, morphology trait (LMA and W/L), and nutrient content (leaf N and P) together explain 44% variations of Pn (Figure 2). On the one hand, compared with leaf W/L, the mean value of the LMA ranged from 42.04 g cm-2 to 59.08 g cm-2 and the coefficient of variation of LMA among five bamboos is lower (i.e., LMA is 12.26% and W/L is 20.64%). Previous studies have also found that W/L performed a higher variability than LMA (Lin et al., 2020). Therefore, contrary to W/L, the response of LMA to the elevational gradient might not be more sensitive than W/L. These results have also confirmed the “diminishing returns” hypothesis, indicating that there exists a constant allometric relationship between leaf bamboo area (carbon capture) and dry mass (investment) in different environments (Sun et al., 2017; Lin et al., 2020). On the other hand, tropical and subtropical forests are usually phosphorus-limited ecosystems (Hou et al., 2020), and other studies showed that, in habitats with high resource acquisition and utilization pressure, plant functional traits will have closer correlation characteristics (Liu et al., 2019). Therefore, in the structural equation model of this study, the standard direct effect contribution of leaf P to the model is 70.0%, which also proved that bamboo species have the characteristics of high demand for phosphorus concentration in a subtropical forest (Li et al., 2021c; Li et al., 2022b). Furthermore, we highlight that future studies need to focus on the leaf phosphorus concentration and its relationship with leaf shape traits, particularly W/L, which may provide an important view to study bamboo leaf economic traits changes in different environments.






Conclusion

Our results documented detailed information on leaf LMA, W/L, leaf N and P concentrations, and the Pn of five bamboo species along the altitudinal environment in Wuyi Mountain. Especially, the leaf P of P. edulis and O. oedogonatum decreased with increasing elevation supporting the hypothesis that leaf P may be controlled by temperature. However, the different trends of leaf N along the elevation gradient between I. tessellatus and O. oedogonatum indicated that leaf N is not sensitive to temperature. The scaling exponent of leaf N vs. leaf P across the five bamboo species is not different from the two-thirds power law and consistent with scaling in the major global forest. In addition, the isometric relationship between leaf P and leaf W/L suggests a general rule that performs in leaf morphological and chemical traits and is insensitive to elevations and species. Compared with leaf N and LMA, the structural equation model also showed the leaf W/L and leaf P as the main trait that drives the leaf photosynthetic capacity variation in different elevational environments. In sum, our findings confirmed that elevation is not the single factor that controls the variations of leaf functional traits of five bamboo species in Wuyi Mountain. More importantly, the scaling between morphology and nutrient content leads to reduce the ability of the elevation environment to shape the bamboo leaves but defines the carbon assimilation rates.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Author contributions

JS and DC conceived and designed the experiments. JS and QZ performed the experiments. JS, JL and DH analyzed the data. JS and DC wrote and KK revised the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by the National Natural Science Foundation of China (32071555, 32001094), the Anhui Provincial Natural Science Foundation (2108085QD149), and the Key Public Welfare Project of Fujian Provincial Department of Science and Technology (2022R1002002).




Acknowledgments

We thank L. Cheng and R. B. Yuan for their hospitality during the implementation of our study in the National Park of Wuyi Mountain.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1137487/full#supplementary-material.




References

 Ackerly, D. D., Knight, C. J., Weiss, S. T., Barton, K. E., and Starmer, K. P. (2002). Leaf size, specific leaf area and microhabitat distribution of chaparral woody plants: contrasting patterns in species level and community level analyses. Oecologia 130, 449457. doi: 10.1007/s004420100805

 Aribal, L., Parlucha, J. A., Gelaga, J., and Aguinsatan, R. G. (2022). Influence of abiotic factors on growth and development of giant bamboo (Dendrocalamus asper) in bukidnon, philippines. J. Trop. For Sci. 34, 6373. doi: 10.26525/jtfs2022.34.1.63

 Bahar, N. H., Ishida, F. Y., Weerasinghe, L. K., Guerrieri, R., O’Sullivan, O. S., Bloomfield, K. J., et al. (2017). Leaf-level photosynthetic capacity in lowland Amazonian and high-elevation Andean tropical moist forests of peru. New Phytol. 214, 10021018. doi: 10.1111/nph.14079

 Basnett, S., and Devy, S. M. (2021). Phenology determines leaf functional traits across rhododendron species in the sikkim himalaya. Alpine Bot. 131, 6372. doi: 10.1007/s00035-020-00244-5

 Chen, X., Wang, M., Li, M., Sun, J., Lyu, M., Zhong, Q., et al. (2020). Convergent nitrogen–phosphorus scaling relationships in different plant organs along an elevational gradient. AoB Plants 12, plaa021. doi: 10.1093/aobpla/plaa021

 Du, Y., Fan, W., Wu, J., Zheng, M., Wang, L., Yu, X., et al. (2021). Feasibility in estimating the dry leaf mass and specific leaf area of 50 bamboo species based on nondestructive measurements. Forests 12 (1554), 1–13. doi: 10.3390/f12111554

 Elser, J. J., Bracken, M. E., Cleland, E. E., Gruner, D. S., Harpole, W. S., Hillebrand, H., et al. (2007). Global analysis of nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial ecosystems. Ecol. Lett. 10, 11351142. doi: 10.1111/j.1461-0248.2007.01113.x

 Gao, J., Li, Q., Zhang, J., Cui, K., Wu, Z., Shi, M., et al. (2020). Biochar amendment alters the nutrient-use strategy of moso bamboo under n additions. Front. Plant Sci. 12, 667964. doi: 10.3389/fpls.2021.667964

 Grace, J., Michael Anderson, T., Smith, M. D., Seabloom, E. W., Andelman, S. J., Meche, G., et al. (2007). Does species diversity limit productivity in natural grassland communities? Ecol. Lett. 10, 680689. doi: 10.1111/j.1461-0248.2007.01058.x

 Guo, Z., Lin, H., Chen, S., and Yang, Q. (2018). Altitudinal patterns of leaf traits and leaf allometry in bamboo pleioblastus amarus. Front. Plant Sci. 9, 1110. doi: 10.3389/fpls.2018.01110

 Han, W., Fang, J., Guo, D., and Zhang, Y. (2005). Leaf nitrogen and phosphorus stoichiometry across 753 terrestrial plant species in china. New Phytol. 168, 377385. doi: 10.1111/j.1469-8137.2005.01530.x

 Hayes, P. E., Clode, P. L., Oliveira, R. S., and Lambers, H. (2018). Proteaceae from phosphorus-impoverished habitats preferentially allocate phosphorus to photosynthetic cells: An adaptation improving phosphorus-use efficiency. Plant Cell Environ. 41, 605619. doi: 10.1111/pce.13124

 He, J., Fang, J., Wang, Z., Guo, D., Flynn, D. F., and Geng, Z. (2006a). Stoichiometry and large-scale patterns of leaf carbon and nitrogen in the grassland biomes of china. Oecologia 149, 115122. doi: 10.1007/s00442-006-0425-0

 He, J., Wang, Z., Wang, X., Schmid, B., Zuo, W., Zhou, M., et al. (2006b). A test of the generality of leaf trait relationships on the Tibetan plateau. New Phytol. 170, 835848. doi: 10.1111/j.1469-8137.2006.01704.x

 Hidaka, A., and Kitayama, K. (2013). Relationship between photosynthetic phosphorus-use efficiency and foliar phosphorus fractions in tropical tree species. Ecol. Evol. 3, 48724880. doi: 10.1002/ece3.861

 Hong, J., Wang, X., and Wu, J. (2014). Stoichiometry of root and leaf nitrogen and phosphorus in a dry alpine steppe on the northern Tibetan plateau. PloS One 9, e109052. doi: 10.1371/journal.pone.0109052

 Hou, E., Luo, Y., Kuang, Y., Chen, C., Lu, X., Jiang, L., et al. (2020). Global meta-analysis shows pervasive phosphorus limitation of aboveground plant production in natural terrestrial ecosystems. Nat. Commun. 11, 637. doi: 10.1038/s41467-020-14492-w

 Huang, S. R., Xie, Y. Y., Chen, S. L., and Guo, Z. W. (2020). The response of stoichiometry of leaf carbon, nitrogen and phosphorus of phyllostachys edulis forests to altitude. J. Bam Res. 39, 7378. doi: 10.3969/j.issn.1000-6567.2020.01.011

 Hulshof, C., Violle, C., Spasojevic, M. J., McGill, B. J., Damschen, E. I., Harrison, S. P., et al. (2013). Intra-specific and inter-specific variation in specific leaf area reveal the importance of abiotic and biotic drivers of species diversity across elevation and latitude. J. Veg Sci. 24, 921931. doi: 10.1111/jvs.12041

 Li, J., Chen, X., Niklas, K., Sun, J., Wang, Z., Zhong, Q., et al. (2021a). A whole−plant economics spectrum including bark functional traits for 59 subtropical woody plant species. J. Ecol. 110, 248261. doi: 10.1111/1365-2745.13800

 Li, Q., Lv, J., Peng, C., Xiang, W., Xiao, W., and Song, X. (2021c). Nitrogen -addition accelerates phosphorus cycling and changes phosphorus use strategy in a subtropical moso bamboo forest. Environ. Res. Lett. 16, 024023. doi: 10.1088/1748-9326/abd5e1

 Li, Y., Shi, P., Niinemets, Ü., Song, Y., Yu, K., Schrader, J., et al. (2022a). Diminishing returns among lamina fresh and dry mass, surface area, and petiole fresh mass among nine Lauraceae species. Am. J. Bot. 109, 377–392. doi: 10.1002/ajb2.1812

 Li, X., Song, X., Zhao, J., Lu, H. L., Qian, C., and Zhao, X. (2021b). Shifts and plasticity of plant leaf mass per area and leaf size among slope aspects in a subalpine meadow. Ecol. Evol. 11, 1404214055. doi: 10.1002/ece3.8113

 Li, C., Zhong, Q., Yu, K., and Li, B. (2022b). Carbon, nitrogen, and phosphorus stoichiometry between leaf and soil exhibit the different expansion stages of moso bamboo (Phyllostachys edulis (Carriere) j. houzeau) into Chinese fir (Cunninghamia lanceolata (Lamb.) hook.) forest. Foersts 13, 1830. doi: 10.3390/f13111830

 Lin, S., Niklas, K. J., Wan, Y., Hölscher, D., Hui, C., Ding, Y., et al. (2020). Leaf shape influences the scaling of leaf dry mass vs. area: a test case using bamboos. Ann. For. Sci. 77, 115. doi: 10.1007/s13595-019-0911-2

 Liu, G., Ye, X., Huang, Z., Dong, M., and Cornelissen, J. H. (2019). Leaf and root nutrient concentrations and stoichiometry along aridity and soil fertility gradients. J. Veg Sci. 30, 291300. doi: 10.1111/jvs.12717

 Manishimwe, A., Ntirugulirwa, B., Zibera, E., Nyirambangutse, B., Mujawamariya, M., Dusenge, M. E., et al. (2022). Warming responses of leaf morphology are highly variable among tropical tree species. Forests 13, 219. doi: 10.3390/f13020219

 Michaletz, S. T., Weiser, M. D., McDowell, N. G., Zhou, J., Kaspari, M., Helliker, B. R., et al. (2016). The energetic and carbon economic origins of leaf thermoregulation. Nat. Plants 2, 16129. doi: 10.1038/nplants.2016.129

 Mori, S., Yamaji, K., Ishida, A., Prokushkin, S. G., Masyagina, O. V., Hagihara, A., et al. (2010). Mixed-power scaling of whole-plant respiration from seedlings to giant trees. P Natl. Acad. Sci. U.S.A. 107, 14471451. doi: 10.1073/pnas.0902554107

 Okubo, S., Tomatsu, A., Parikesit,, Muhamad, D., Harashina, K., and Takeuchi, K. (2012). Leaf functional traits and functional diversity of multistoried agroforests in West Java, indonesia. Agr Ecosyst. Environ. 149, 9199. doi: 10.1016/j.agee.2011.12.017

 Poorter, H., Niinemets, U., Poorter, L., Wright, I. J., and Villar, R. (2009). Causes and consequences of variation in leaf mass per area (LMA): a meta-analysis. New Phytol. 182, 565588. doi: 10.1111/j.1469-8137.2009.02830.x

 R Core Team (2020). R foundation for statistical computing (Vienna, Austria: R Foundation for Statistical Computing). Available at: https://www.R-project.org/

 Read, Q. D., Moorhead, L. C., Swenson, N. G., Bailey, J. K., and Sanders, N. J. (2014). Convergent effects of elevation on functional leaf traits within and among species. Funct. Ecol. 28, 3745. doi: 10.1111/1365-2435.12162

 Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: a traits manifesto. J. Ecol. 102, 275301. doi: 10.1111/1365-2745.12211

 Reich, P. B., and Oleksyn, J. (2004). Global patterns of plant leaf n and p in relation to temperature and latitude. P Natl. Acad. Sci. U.S.A. 101, 1100111006. doi: 10.1073/pnas.0403588101

 Reich, P. B., Oleksyn, J., Wright, I. J., Niklas, K., Hedin, L. O., and Elser, J. J. (2010). Evidence of a general 2/3-power law of scaling leaf nitrogen to phosphorus among major plant groups and biomes. P Roy Soc. B Biol. Sci. 277, 877883. doi: 10.1098/rspb.2009.1818

 Sack, L., and Scoffoni, C. (2013). Leaf venation: structure, function, development, evolution, ecology and applications in the past, present and future. New Phytol. 198, 9831000. doi: 10.1111/nph.12253

 Shi, P., Li, Y., Niinemets, Ü., Olson, E., and Schrader, J. (2020). Influence of leaf shape on the scaling of leaf surface area and length in bamboo plants. Trees 35, 709715. doi: 10.1007/s00468-020-02058-8

 Shi, P., Miao, Q., Niinemets, Ü., Liu, M., Li, Y., Yu, K., et al. (2022). Scaling relationships of leaf vein and areole traits versus leaf size for nine magnoliaceae species differing in venation density. Am. J. Bot. 109, 899909. doi: 10.1002/ajb2.1856

 Shi, P., Wang, L., Niinemets, Ü., Jiao, Y., and Niklas, K. (2023). Estimation of stomatal density of leaves with hierarchical reticulate venation. Bot. Lett. doi: 10.1080/23818107.2022.2156600

 Shi, J. M., Yang, G. Y., Yang, Q. P., Li, J., and Guo, Q. R. (2009). Seasonal photosynthetic variance of phyllostachys edulis ‘Pachyloen’ response to environmental factors. For. Res. 22, 872877. doi: 10.3321/j.issn:1001-1498.2009.06.022

 Song, X., Chen, X., Zhou, G., Jiang, H., and Peng, C. (2017). Observed high and persistent carbon uptake by moso bamboo forests and its response to environmental drivers. Agr For. Meteorol. 247, 467475. doi: 10.1016/j.agrformet.2017.09.001

 Song, X., Peng, C., Ciais, P., Li, Q., Xiang, W., Xiao, W., et al. (2020). Nitrogen addition increased CO2 uptake more than non-CO2 greenhouse gases emissions in a moso bamboo forest. Sci. Adv. 6, eaaw5790. doi: 10.1126/sciadv.aaw5790

 Sun, J., Fan, R., Niklas, K., Zhong, Q., Yang, F., Li, M., et al. (2017). “Diminishing returns” in the scaling of leaf area vs. dry mass in wuyi mountain bamboos, southeast china. Am. J. Bot. 104, 993998. doi: 10.3732/ajb.1700068

 Sun, J., Wang, M., Lyu, M., Niklas, K., Zhong, Q., Li, M., et al. (2019). Stem diameter (and not length) limits twig leaf biomass. Front. Plant Sci. 10, 185. doi: 10.3389/fpls.2019.00185

 van de Weg, M. J., Meir, P., Grace, J., and Atkin, O. K. (2009). Altitudinal variation in leaf mass per unit area, leaf tissue density and foliar nitrogen and phosphorus content along an Amazon-Andes gradient in peru. Plant Ecol. Divers. 2, 243254. doi: 10.1080/17550870903518045

 Vile, D., Shipley, B., and Garnier, E. (2006). A structural equation model to integrate changes in functional strategies during old-field succession. Ecology 87, 504517. doi: 10.1890/05-0822

 Warton, D. I., Duursma, R. A., Falster, D. S., and Taskinen, S. (2012). Smatr 3–an r package for estimation and inference about allometric lines. Methods Ecol. Evol. 3, 257259. doi: 10.1111/j.2041-210X.2011.00153.x

 Warton, D. I., Wright, I. J., Falster, D. S., and Westoby, M. (2006). Bivariate line−fitting methods for allometry. Biol. Rev. 81, 259291. doi: 10.1017/S1464793106007007

 Westoby, M., Falster, D. S., Moles, A. T., Vesk, P. A., and Wright, I. J. (2002). Plant ecological strategies: some leading dimensions of variation between species. Annu. Rev. Ecol. Evol. 33, 125159. doi: 10.1146/annurev.ecolsys.33.010802.150452

 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, 821827. doi: 10.1038/nature02403

 Wu, J., Pan, H., Du, Z., Wang, S., Shi, P., Liu, X., et al. (2010). Responses of tissue non-structural carbohydrates and leaf nitrogen contents to altitude in two dwarf bamboos in wolong. Acta Ecol Sinica 30, 610618. doi: 10.3724/SP.J.1238.2010.00474

 Yang, S., Sun, M., Zhang, Y., Cochard, H., and Cao, K. (2013). Strong leaf morphological, anatomical, and physiological responses of a subtropical woody bamboo (Sinarundinaria nitida) to contrasting light environments. Plant Ecol. 215, 97109. doi: 10.1007/s11258-013-0281-z

 Yao, W., Niinemets, Ü., Yao, W., Gielis, J., Schrader, J., Yu, K., et al. (2022). Comparison of two simplified versions of the gielis equation for describing the shape of bamboo leaves. Plants 11 (3058), 1–11. doi: 10.3390/plants11223058

 Yoder, B. J., Ryan, M. G., Waring, R. H., Schoettle, A. W., and Kaufmann, M. R. (1994). Evidence of reduced photosynthetic rates in old trees. For. Sci. 40, 513527. doi: 10.1093/forestscience/40.3.513

 Yu, H., Chen, Y., Zhou, G., and Xu, Z. (2022). Coordination of leaf functional traits under climatic warming in an arid ecosystem. BMC Plant Biol. 22, 439. doi: 10.1186/s12870-022-03818-z

 Zhang, X., Feng, Q., Cao, J., Biswas, A., Su, H., Liu, W., et al. (2022). Response of leaf stoichiometry of potentilla anserina to elevation in china's qilian mountains. Front. Plant Sci. 13, 941357. doi: 10.3389/fpls.2022.941357

 Zhang, G., Zhang, L., and Wen, D. (2018). Photosynthesis of subtropical forest species from different successional status in relation to foliar nutrients and phosphorus fractions. Sci. Rep. 8, 10455. doi: 10.1038/s41598-018-28800-4




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 © 2023 Sun, Li, Koyama, Hu, Zhong and Cheng. 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/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The morphology and nutrient content drive the leaf carbon capture and economic trait variations in subtropical bamboo forest

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Site description

          



          		

            Sample collection

          



          		

            Data analysis

          



        



        



        		

          Results

        

          		

            Leaf-functional traits of five bamboos in different elevations

          



          		

            The scaling relationships between bamboo leaf traits

          



        



        



        		

          Discussion

        

          		

            The response of bamboo leaf functional traits to different elevations

          



          		

            Leaf phosphorus concentration and the ratio of width to length control the scaling of bamboo leaf traits

          



          		

            Effects of bamboo leaf functional traits on photosynthesis capability

          



        



        



        		

          Conclusion

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-14-1137487-g001.jpg
log Leaf P (g/kg)

log Leaf N (g/kg)

0.30 .
® e o .. ® 150
0.25 e .
8 ® e o o8 o ~ 145
0.20 S : eh =
. ® e oo %
0.15 . - = 140
' Z.
O 10 .. O ° ¢ y .. ® o ¢ e® G 1.35
. o ¢ i o: 2 . ° 8
005] o oo 377 e ’ — 130 ~0.80x+1.26
| * o e y=090x+088 = 0 iidilie
0.00 = R*=0.40 — 125 L R°=0.37
<0001 »<0.001
-0.05 1.20
-1.00 -095 -090 -0.85 -0.80 -0.75 -0.70 -0.65 -0.05 0.00 0.05 0.10 0.15 020 025 030
1.55 log Leaf P (g/kg)
®
1.50 .
1.45
1.40
1.35
1.30 . 1=0.73x-0.49
s y=0.58x-0.49 . X R2=034
- 2— )
R=0.35 p<0.001
1920 p<0.001

0.8 0.9 1.0

0.7

log P (umol/m’s)

0.8 0.9 1.0 1.1

log P (umol/m’s)

0.7

0.6

1.1





OEBPS/Images/table2.jpg
W/ Leaf N Leaf P

W/L i ‘ ‘

Leaf N 0.07 1 ‘ ‘

Leaf P 0.59** 0.62** ‘ 1 ‘

LMA 0.30** -0.16 ‘ 0.21* ‘ 1

P, 0.21* 0.60** ‘ 0.59** ‘ -0.18 1

* indicates significant correlation at the 0.05 level; ** indicates a highly significant correlation at the 0.01 level. W/L, the ratio of leaf width to length; LMA, leaf mass per area; P,,, photosynthesis
rates, leaf N, leaf nitrogen concentration; leaf P, leaf phosphorus concentration.





OEBPS/Images/fpls.2023.1137487_cover.jpg
& frontiers | Frontiers in Plant science

The morphology and nutrient content drive
the leaf carbon capture and economic trait
variations in subtropical bamboo forest





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





OEBPS/Images/fpls-14-1137487-g002.jpg
N=99

YXdf=1.73

3 p=0.10

Altitude CFI=0.97
RMSEA=0.086
oY
.~ R*>=0.03 R?=0.09
0.30]
W/L — LMA

-0.40, 9359 —m
R=0.57 R2=035

LeafN

g

Leaf P

0.9
0 5
x) 2
¢ S =044

Pn

Leaf N

Leaf P

W/L

Altitude

r T
02 -0.1

T T T T T
00 01 02 03 04 05

Standardized Total Effects

T T 1
06 07 08





OEBPS/Images/table1.jpg
840 0.16 + 0.01a 26.29 + 1.71a 1.71 £ 0.12a 5197 + 2.78a 9.28 + 1.14a

1,040 0.15 = 0.02a 25.75 + 3.89a 1.63 + 0.29b 51.65 + 3.74a 941 + 1.22a
P. edulis

1,240 0.16 = 0.02a 28.31 £ 2.01a 1.46 + 0.20b 49.95 + 3.46a 9.25 + 1.05a

ALL 0.15 + 0.02B 26.78 + 2.84A 159 £ 0.23A 51.19 + 3.34C 9.31 + 1.10A

1,100 0.12 £ 0.01a 26.41 + 2.16a 1.21 + 0.09a 50.71 + 1.34a 5.88 + 0.85ab

1,200 0.12 + 0.004a 20.74 + 1.20b 1.08 + 0.05b 43.93 + 4.05b 5.68 + 1.07b
O. oedogonatum*

1,400 0.11 = 0.01a 21.48 + 0.72b 1.05 + 0.04b 45.43 + 3.20b 6.68 = 1.21a

ALL 0.12 = 0.008C 22.88 + 2.93B L11 £ 0.09C 46.69 + 4.19D 6.08 + 1.10B

1,040 0.18 + 0.01a 19.23 £ 1.16b 1.28 + 0.16b 55.83 + 3.79a 548 + 0.60b

1,440 0.16 + 0.01b 19.29 + 1.43b 133 £0.21b 59.08 + 4.18a 6.57 + 1.69ab
I tessellatus*

1,840 0.19 + 0.01a 23.96 + 2.39a 1.60 +0.10a 58.90 + 3.16a 6.89 + 1.35a

ALL 0.18 £ 0.12A 20.83 £ 2.81C 1.40 + 0.22B 57.94 = 3.90A 6.31 + 1.39B
Y. hirticaulis* 1,740 0.11 +0.004C 22.48 + 1.37BC 1.18 £ 0.08C 54.36 + 3.19B 6.85 + 1.88B
Y. wuyishanensis 2,100 0.18 £ 0.01A 24.77 £ 3.30A 1.53 + 0.13AB 42.04 + 1.85E 871+ 121A

Data in the table are mean + standard deviation, N = 9 in each altitude gradient, the *indicating the habitat in the understory. Capital letters indicate the comparison between bamboos, and
lowercase letters indicate the comparison between the elevations to same bamboos. Different letters represent significant differences at P < 0.05, and same letters indicate no significant difference.
WIL, the ratio of leaf width to length; LMA, leaf mass per area; P,, photosynthesis rates, leaf N, leaf nitrogen concentration; leaf P, leaf phosphorus concentration.





