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Awareness of local-scale variation in leaf traits for a single species and the relationships between these traits and their dependence on altitude might be essential for extrapolating ecophysiological processes from the leaf to the ecosystem level. While altitudinal patterns of leaf traits have been extensively studied in a number of species, little is known about such patterns in bamboos. We analyzed leaf functional traits and leaf allometric relationships of Pleioblastus amarus at three different altitudes (200, 400, and 800 m). With increasing altitude, most functional traits, including leaf length, width, perimeter, area, dry weight, and water content, decreased significantly, while the leaf length:width ratio exhibited a marked increase, resulting in a tendency toward narrow leaves. Specific leaf area first increased, and then decreased, while the change in leaf dry matter content showed the opposite trend. Leaf area was positively correlated with leaf length, leaf width and leaf perimeter, but negatively correlated with the leaf length:width ratio. With increasing altitude, the slopes of these relationships for leaf area first increased, and then decreased. Leaf biomass was positively correlated with leaf length, width, perimeter, and area, with the slopes of the relationships being the same at all altitudes. Thus, the leaves of this bamboo species at middle altitude have the highest specific leaf area and lowest leaf dry matter content. Our findings suggest that this bamboo species has a big potential of growth and morphological plasticity.

Keywords: bamboos, altitude, leaf functional traits, clonal plants, allometric growth relationships

INTRODUCTION

Leaves are the most important component of a plant’s photosynthetic apparatus and play a pivotal role in plant function and long-term adaptation to environmental change (Liu Z.L. et al., 2016). Leaf morphology, biomass, and water content are fundamental leaf functional traits (Wright et al., 2005). Specific leaf area and leaf dry matter content represent the balance between investing in growth or storage and are traits that have been widely used to predict growth strategy and the response to environmental variations. Therefore, studying leaf functional traits is important for scaling up to predict community- or ecosystem-level functions and processes (Scheepens et al., 2010; Daneshgar et al., 2012).

Allometry refers to the numerical relationship between growth and allocation of an organism, morphological variability can be understood as a change in a plant’s allometric trajectory. Allometric relationships exist widely from individuals to ecosystems, can be used to predict plant growth and ecosystem functions (e.g., productivity), and also embody the relationship with environmental changes (Chave et al., 2014; Paul et al., 2016). Allometric relationships among leaf traits, i.e., relative changes in leaf size, shape, and biomass, are both a cause and a consequence of variation in resource availability and environmental changes (Forrester et al., 2017; Zhang et al., 2017).

Environmental factors, such as air temperature, radiation, and soil nutrients, may covary with altitude (Körner, 2007; Soethe et al., 2008). For instance, temperature will decrease, while precipitation and radiation will increase with a rise in altitude (Read et al., 2014; Li et al., 2018; Wang et al., 2018). Such variations might influence leaf traits and their allometric relationships, as leaf traits may exhibit considerable plasticity in response to environmental demands (Valladares et al., 2007; Li and Yu, 2009; Zdravko, 2011). Altitudinal gradients can be used as model templates for large-scale studies that analyze the adaptive features of terrestrial plants under the influence of global climate change (Li et al., 2018; Wang et al., 2018). Awareness of local-scale variation in many leaf traits for individual species, as well as the relationships among these traits and their dependence on altitude, might be essential for extrapolating ecophysiological processes from the leaf to the ecosystem level (Navas et al., 2010).

Bamboos are forest species that have widespread distribution in the tropical and subtropical regions of the world (Zhang et al., 2014), with most bamboo species growing naturally in mountain areas along an altitudinal gradient. Their unique growth characteristics, including fast growth, high biomass production, and rapid maturation from shoot to culm, have enabled bamboos to become globally important resource of biomass, food, and timber (Nath et al., 2015). In comparison to most trees (10–50 years for harvest), the harvest time for bamboos is only 3–5 years (Desalegn and Tadesse, 2014). Furthermore, bamboos are typical clonal plants that can produce genetically identical modules (ramets) that are both physically and physiologically dependent on their connected parent ramets, at least at their earlier stages of development (Yu et al., 2008, 2009; Song et al., 2013; Wang et al., 2017). These ramets are formed by vegetative propagation and stay connected to the parent organs at least until they are established, thus forming sets of connected ramets, or clonal fragments (Dong et al., 2015; Guo et al., 2017; Wang et al., 2017). Elongation of bamboo rhizomes and sprouting of shoot buds result in widespread pure bamboo forests along the slopes of mountains. Natural bamboo forest is thus a result of ramets connected by rhizomes, and such forests along the slopes of mountains may have originated from only one or a few genets. However, few studies have examined the leaf traits of bamboos along an altitudinal gradient.

Pleioblastus amarus is an economically important bamboo species used for both timber and young shoots. Through rapid clonal growth via rhizomes, one genet of this species can produce numerous ramets (stems) that spread over a large distance so that genetically uniform patches of ramets can be formed (Dong, 2011). In this study, the leaf shape traits and biomass of P. amarus were determined at three altitudes (200, 400, and 800 m a.s.l.) of Xuefeng Mountain in China. Based on these data, we analyzed the variation in leaf traits and their relationships along an altitudinal gradient at the individual species level and addressed the following questions: (1) How do the leaf traits change along the altitudinal gradient? (2) Do variations in leaf shape and biomass result in corresponding differences in the allometric relationships of leaf traits among the altitudes? By addressing these questions, we were able to infer the altitude at which this bamboo species can achieve better performance.

MATERIALS AND METHODS

Study Area

Xuefeng Mountain (26°29–26°40′N, 117°32–117°46E) is the highest mountain of the Shaxian in Fujiang Province, China. The altitude of this mountain ranges from 100 to 1298 m, and the forest soil is classified as “red soil.” The vegetation varies with elevation: at the bottom of the mountain, below 200 m, most of the area is cropland; at the middle range, from 200 to 800 m, P. amarus forest is the main vegetation type; and above this elevation, evergreen broadleaf forest is widespread and universal.

Study Design and Sampling

Along a transect of the southern slope of Xuefeng Mountain, three altitudinal zones were investigated, referred to here as low (200 ± 20 m), middle (400 ± 20 m), and high (800 ± 20 m) altitudinal zones. Six experimental plots (10 m × 10 m) were set in each altitudinal zone. The forest structure of each altitudinal zone was investigated and is summarized in Table 1. In May 2016, nine bamboo plants for each age class (1-year-old, 2-year-old, and 3-year-old bamboos) were chosen for leaf sampling within each plot. Thirty fully expanded, mature, and healthy leaves from the upper, middle, and bottom crown of each selected plant were cut off with scissors, and 10 leaves were then randomly chosen per plant.

TABLE 1. Summary of Pleioblastus amarus forest structure.
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The fresh mass (g) for each leaf was measured immediately with an SE202F Ohaus–CN electronic balance (Ohaus Corporation, United States). Leaf length (cm) and width (cm) were measured with rulers, and the length:width ratio was calculated. Leaf area (cm2 per individual) and perimeter (cm) were measured using a scanner (Cano Scan LIDE 110, Japan) and Photoshop CS (Adobe, United States). All leaves were then placed in a drying oven for a minimum of 72 h at 80°C, and the final dry mass (g) was measured with an electronic balance. Specific leaf area (SLA; cm2 g−1) was calculated as: SLA = leaf area/leaf dry weight. Leaf dry matter content (LDMC, g.g−1) was calculated and expressed as a ratio of dry weight to fresh weight.

Data Analysis

The variation in leaf traits for P. amarus with altitude was tested with one-way ANOVA. Two-way ANOVA was used to investigate the effects of altitude and bamboo age on the leaf traits of P. amarus. All values presented are means ± SD.

The scaling relationship between leaf biomass (leaf dry weight) or leaf area and other leaf functional traits is described by the equation:
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where y is leaf area or leaf biomass, and x refers to other leaf traits; a is the y-intercept and b is the slope of the scaling function, representing the allometric exponent.

To examine these scaling relationships at the three altitudes with different bamboo ages, we used model II regression (also known as reduced major axis, or RMA) on log-transformed values of leaf traits. If the slopes of these relationships were not significantly different from |1.00| (at the 95% confidence level), they were deemed to be isometric. If the slopes of these relationships were not significantly different among altitudes, then in addition to the original attitude-specific values of the slopes, the common standardized major axis (SMA) slope was reported, the latter in brackets. The SMA regression was performed to examine the scaling slope using the “smart” package. All statistics were analyzed using the R platform (R Development Core Team, 2013) and Microsoft Excel 2016.

RESULTS

Leaf Functional Traits at Different Altitudes

Altitude and bamboo age significantly affected leaf width, leaf perimeter, leaf area, SLA, leaf water content, and leaf dry weight (Table 2). All these variables decreased markedly with increasing altitude (Figures 1A–C,E,G,I), except SLA (Figure 1F), which first increased and then exhibited a marked decrease. There was an obvious interaction effect of altitude and bamboo age on these variables. Altitude also affected leaf length, leaf length:width ratio and LDMC, whereas bamboo age had no effect on these variables. Furthermore, there was no interaction effect of altitude and bamboo age on these variables. With increasing altitude, leaf length decreased (Figure 1A), but the leaf length:width ratio increased greatly (Figure 1D), with leaves tending to narrow. LDMC decreased markedly and then increased with increasing altitude (Figure 1H).

TABLE 2. Analysis of variance results for the effect of altitude and bamboo age on leaf traits of Pleioblastus amarus.
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FIGURE 1. Leaf functional traits of Pleioblastus amarus at different altitudes. Different upper-case letters indicate significant (P < 0.05) differences among different altitudes with the same bamboo age class, while different lower-case letters indicate significant (P < 0.05) differences among different bamboo age classes at the same altitude.



Allometry of Leaf Area at Different Altitudes

Leaf area was positively correlated with leaf length, width and perimeter, and negatively correlated with the leaf length:width ratio (P < 0.05, Table 3). The SMA slopes for all these relationships were statistically different from |1.00| (P < 0.05). The steepest slopes were those for the relationships of leaf area with length, perimeter, and length:width ratio at 400 m, while the slopes for each of these relationships were nearly the same at 200 m as those at 800 m (P > 0.05). There was no difference in the scaling slope of the relationship between leaf area and width at the three altitudes, all sharing the same SMA slope (1.61). With increasing altitude, the SMA slope (|b|) for the relationship of leaf area with leaf length, leaf length:width ratio, and perimeter increased, then decreased, with the biggest value being that for the middle altitude (400 m).

TABLE 3. Allometric relationships between leaf area and other leaf functional traits of Pleioblastus amarus at different altitudes.
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Allometry of Leaf Biomass at Different Altitudes

Leaf biomass was positively correlated with leaf length, width, perimeter, area and water content, and negatively correlated with length:width ratio (P < 0.05, Table 4). Most of the scaling slopes were statistically different from |1.00| (P < 0.05, Table 4). The exceptions were the scaling slopes of the relationship between leaf biomass and water content, which were close to |1.00| (P > 0.05, Table 4). Altitude had no effect on the scaling slope of the relationship between leaf biomass and leaf area (1.19), between leaf biomass and width (1.92), between leaf biomass and length (2.46), or between leaf biomass and water content (0.97), with the three altitudes sharing a common slope. The SMA slope |b| of the relationship between leaf biomass and leaf perimeter, and the relationship between leaf biomass and leaf length:width ratio, were both at low (200 m) equal to the corresponding slopes at high altitude (800 m), but significantly lower than the slopes at the middle altitude (400 m).

TABLE 4. Allometric relationships between leaf biomass (dry weight) and other leaf functional traits of Pleioblastus amarus at different altitudes.
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DISCUSSION

In mountain habitats, there can be large variations in temperature, moisture, light, soil properties, and other abiotic factors along altitudinal gradients (Read et al., 2014; Li et al., 2018; Wang et al., 2018). All these changes can greatly affect leaf functional traits and ultimately may result in some obvious changes to plant growth and development as well as population expansion (Dong, 2011). In the present study, leaf functional traits varied greatly among the three altitudes and with different bamboo ages. Overall, most of the leaf traits, including leaf length, width, perimeter, area, biomass (dry weight), and water content, decreased significantly with increasing altitude. Furthermore, the leaf length:width ratio increased markedly, indicating that leaves tend to be narrower at higher altitude. All these changes in leaf functional traits reduced contact area with the environment, and enhanced the plant’s tolerance to the low temperatures and high levels of moisture and radiation characteristic of higher altitudes (Kofidis et al., 2007; Reich et al., 2014). With increasing altitude, LDMC decreased significantly, and then increased, while the opposite was true for SLA variation. The bamboo leaves at the middle altitude (400 m) had the lowest LDMC and highest SLA, indicating a strengthening of their ability to capture light and produce dry matter (Long et al., 2011; Zhang et al., 2015). Bamboos are clonal plants with strong horizontal clonal growth and expansion ability (Dong, 2011; Lieurance et al., 2018). P. amarus is one of the most important amphipodial bamboos, and the buds along rhizomes or at culm bases all have the potential to grow into new bamboo plants. Owing to their high plasticity, populations may be able to expand from middle to lower or higher altitudes where growth conditions are less optimal. With increasing altitude, environmental stresses such as high solar radiation, low temperatures, nutrient loss, and other abiotic pressures will increase, while photosynthetic ability and carbon assimilation will decrease to some extent, together resulting in an obvious decrease in leaf dry weight. P. amarus must therefore enlarge its leaf area per unit biomass, as well as its production ability, to maintain sufficiently high levels of photosynthetic activity and population stability. Furthermore, SLA is an integrative parameter of leaf area and leaf dry weight, and increasing SLA at middle altitude may be one of the strategies adopted by bamboos to adapt to changing environments by maximizing their photosynthetic rate. At low altitude, bamboos face strong pressure from human disturbance, and their stand density is also higher, together resulting in a reduced SLA (Table 1).

Many abiotic factors, such as temperature, moisture, light, and soil properties have the potential to affect allometric relationships among plant traits (Misle et al., 2013; Jorquera-Fontena et al., 2017). In this study, leaf area correlated positively (leaf length, width, and perimeter) or negatively (leaf length:width ratio) with other leaf morphological traits, and the slopes of all these relationships were significantly different from |1.00|. With increasing altitude, the slopes for the relationships of leaf area with length, perimeter, and length:width ratio first increased, and then decreased, while the slope for the relationship between leaf area and leaf width increased slightly. The slopes for the relationships of leaf area with leaf length, perimeter, and length:width ratio at the middle altitude (400 m) were 2.32, 2.05, and 2.07, respectively, which were all significantly greater than those at the lower or higher altitude. These results suggest that leaf morphological traits examined showed flexible allometric relationships, and changes in leaf length, perimeter, and length:width ratio may result in a larger change in leaf area at middle altitude than at low and upper altitudes (Niklas et al., 2007; Yao et al., 2013; Forrester et al., 2017).

In this study, leaf biomass correlated positively with leaf morphological traits, with most of the slopes differing from |1.00|, the relationship between leaf biomass and water content being the only exception (0.97). All slopes for the relationships between leaf biomass and leaf morphological traits among different altitudes varied slightly. Most of the slopes for the relationships between leaf biomass and morphological traits were nearly equal for the three altitudes; specifically, the three altitudes had a common slope except for the relationship between leaf biomass and leaf perimeter and between leaf biomass and leaf length:width ratio. This result indicates that the relationship between leaf dry weight and other leaf traits is stable at different altitudes, demonstrating a strong covariant ability (Chave et al., 2014; Zhang et al., 2015).

Since the leaf traits of bamboos along the altitudinal gradient varied greatly, the allometric relationships among these leaf morphological traits were found to be plastic, which illustrate that this bamboo is tolerant to biotic and abiotic stresses of different altitudes with strong ecological adaptability. Furthermore, the fact that LDMC was the lowest, and SLA was the highest at the middle altitude indicates that growth and population expansion will be strongest at this altitude. It is well known that bamboos are typical clonal plants, with many ramets or stems of different ages originating from the same parent bamboo group (Liu F.H. et al., 2016; Guo et al., 2017). Furthermore, rhizome elongation and the sprouting of rhizome buds into stems or ramets propel the expansion of bamboo forests (Li et al., 2015; Luo et al., 2016). Thus, while middle altitude is clearly favorable for the growth of P. amarus, bamboos have a strong ability to grow and expand in lower- or upper-altitude areas through clonal growth.

CONCLUSION

Bamboos are typical clonal plants and widespread in mountain areas. In the present study, altitude was found to greatly affect leaf functional traits, and there was an interaction effect with bamboos age on most leaf traits. With increasing altitude, most functional traits decreased significantly, and leaves tended to be narrower. Leaf area correlated positively with leaf length, leaf width, and leaf perimeter, but negatively with the length:width ratio. Leaf biomass correlated positively with leaf length, leaf width, leaf perimeter, leaf area, but negatively with the length:width ratio. Furthermore, the leaves of bamboos at the middle altitude (400 m) had the highest SLA and lowest LMDC; and the SMA slopes were greater at this altitude than at the lower (200 m) and higher (800 m) altitudes. Our findings suggest that this bamboo species has a great potential of growth and morphological plasticity.

AUTHOR CONTRIBUTIONS

ZG and SC conceived and designed the investigation. ZG performed the data analysis and wrote the manuscript. HL and QY conducted the field work, sampling, and pre-treatment of the samples.

FUNDING

This study was funded by the Fundamental Research Funds for Central Non-Profit Research Institutes (Grant No. CAFYBB2016SY007) and the National Natural Science Foundation of China (Grant No. 31770447).

ACKNOWLEDGMENTS

We acknowledge Dr. Bi-Cheng Dong’s help during the preparation and revision of paper.

REFERENCES

Chave, J., Réjou-Méchain, M., Búrquez, A., Chidumayo, E., Colgan, M. S., Duque, A., et al. (2014). Improved allometric models to estimate the aboveground biomass of tropical trees. Global Change Biol. 20, 3177–3190. doi: 10.1111/gcb.12629

Daneshgar, P. P., Polley, H. W., and Wilsey, B. J. (2012). Simple plant traits explain functional group diversity decline in novel grassland communities of Texas. Plant Ecol. 214, 231–241. doi: 10.1007/s11258-012-0162-x

Desalegn, G., and Tadesse, W. (2014). Resource potential of bamboo, challenges and future directions towards sustainable management and utilization in Ethiopia. For. Syst. 23, 294–299. doi: 10.5424/fs/2014232-03431

Dong, B. C., Alpert, P., Zhang, Q., and Yu, F. H. (2015). Clonal integration in homogeneous environments increases performance of Alternanthera philoxeroides. Oecologia 179, 393–403. doi: 10.1007/s00442-015-3338-y

Dong, M. (2011). Clonal Plant Ecology. Beijing: Science Press.

Forrester, D. I., Tachauer, I. H. H., Annighoefer, P., Barbeito, I., Pretzsch, H., Ruiz-Peinado, R., et al. (2017). Generalized biomass and leaf area allometric equations for European tree species incorporating stand structure, tree age and climate. For. Ecol. Manage. 396, 160–175. doi: 10.1016/j.foreco.2017.04.011

Guo, Z. W., Hu, J. J., Chen, S. L., Yang, Q. P., Li, Y. C., and Cai, H. J. (2017). Nitrogen addition and clonal integration alleviate water stress of dependent ramets of Indocalamus decorus under heterogeneous soil water environment. Sci. Rep. 7:44524. doi: 10.1038/srep44524

Jorquera-Fontena, E., Génard, M., Ribera-Fonseca, A., and Franck, N. (2017). A simple allometric model for estimating blueberry fruit weight from diameter measurements. Sci. Hortic. 219, 131–134. doi: 10.1016/j.scienta.2017.03.009

Kofidis, G., Bosabalidis, A. M., and Moustakas, M. (2007). Combined effects of altitude and season on leaf characteristics of Clinopodium vulgare L. (Labiatae). Environ. Exp. Bot. 60, 69–76. doi: 10.1016/j.envexpbot.2006.06.007

Körner, C. (2007). The use of altitude in ecological research. Trend Ecol. Evol. 22, 569–574. doi: 10.1016/j.tree.2007.09.006

Li, M. H., Jiang, Y., Wang, A., Li, X., Zhu, W., Yan, C. F., et al. (2018). Active summer carbon storage for winter persistence in trees at the cold alpine treeline. Tree Physiol. doi: 10.1093/treephys/tpy020 [Epub ahead of print].

Li, S. L., Yu, F. H., Werger, M. J. A., Dong, M., During, H. J., and Zuidema, P. Z. (2015). Mobile dune fixation by a fast-growing clonal plant: a full life-cycle analysis. Sci. Rep. 5:8935. doi: 10.1038/srep08935

Li, Z. Q., and Yu, D. (2009). Factors affecting leaf morphology: a case study of Ranunculus natans C. A. Mey. (Ranunculaceae) in the arid zone of northwest China. Ecol. Res. 24, 1323–1333. doi: 10.1007/s11284-009-0617-2

Lieurance, D., Cooper, A., Young, A. L., Gordon, D. R., and Flory, S. L. (2018). Running bamboo species pose a greater invasion risk than clumping bamboo species in the continental united states. J. Nat. Conserv. 43, 39–45. doi: 10.1016/j.jnc.2018.02.012

Liu, F. H., Liu, J., and Dong, M. (2016). Ecological consequences of clonal integration in plants. Front. Plant Sci. 7:770. doi: 10.3389/fpls.2016.00770

Liu, Z. L., Zhu, Y., Li, G. R., and Jin, G. Z. (2016). Non-destructively predicting leaf area, leaf mass and specific leaf area based on a linear mixed-effect model for broadleaf species. Ecol. Indic. 78, 340–350. doi: 10.1016/j.ecolind.2017.03.025

Long, W. X., Zang, R. G., Schamp, B. S., and Ding, Y. (2011). Within- and among species variation in specific leaf area drive community assembly in a tropical cloud forest. Oecologia 167, 1103–1113. doi: 10.1007/s00442-011-2050-9

Luo, F. L., Huang, L., Lei, T., Xue, W., Yu, F. H., Li, H. L., et al. (2016). Responses of performance and morphological traits to experimental submergence predict field distribution pattern of wetland plants. J. Veg. Sci. 27, 340–351. doi: 10.1111/jvs.12352

Misle, E., Kahlaoui, B., Hachicha, M., and Alvarado, P. (2013). Leaf area estimation in musk melon by allometry. Photosynthetica 51, 613–620. doi: 10.1007/s11099-013-0062-x

Nath, A. J., Lal, R., and Das, A. K. (2015). Managing woody bamboos for carbon farming and carbon trading. Global Ecol.Conserv. 3, 654–664. doi: 10.1016/j.gecco.2015.03.002

Navas, M. L., Roumet, C., Bellmann, A., Laurent, G., and Garnier, E. (2010). Suites of plant traits in species from different stages of a Mediterranean secondary succession. Plant Biol. 12, 183–196. doi: 10.1111/j.1438-8677.2009.00208.x

Niklas, K. J., Cobb, E. D., Niinemets, U., Reich, P. B., Sellin, A., Shipley, B., et al. (2007). “Diminishing returns” in the scaling of functional leaf traits across and within species groups. PNAS 104, 8891–8896. doi: 10.1073/pnas.0701135104

Paul, K. I., Roxburgh, S. H., Chave, J., England, J. R., Zerihun, A., Specht, A., et al. (2016). Testing the generality of aboveground biomass allometry across plant functional types at the continent scale. Global Change Biol. 22, 2106–2124. doi: 10.1111/gcb.13201

R Development Core Team (2013). R: A Language and Environment for Statistical Computing. Vienna: R Foundation for statistical computing.

Read, Q. D., Moorhead, L. C., Swenson, N. G., Bailey, J. K., Sanders, N. J., and Fox, C. (2014). Convergent effects of elevation on functional leaf traits within and among species. Func. Ecol. 28, 37–45. doi: 10.1111/1365-2435.12162

Reich, P. B., Luo, Y., Bradford, J. B., Poorter, H., Perry, C. H., and Oleksyn, J. (2014). Temperature drives global patterns in forest biomass distribution in leaves, stems, and roots. PNAS 111, 13721–13727. doi: 10.1073/pnas.1216053111

Scheepens, J., Frei, E. S., and Stöcklin, J. (2010). Genotypic and environmental variation in specific leaf area in a widespread Alpine plant after transplantation to different altitudes. Oecologia 164, 141–150. doi: 10.1007/s00442-010-1650-0

Soethe, N., Lehmann, J., and Engels, C. (2008). Nutrient availability at different altitudes in a tropical montane forest in Ecuador. J. Trop. Ecol. 24, 397–406. doi: 10.1017/S026646740800504X

Song, Y. B., Yu, F. H., Keser, L. H., Dawson, W., Fischer, M., Dong, M., et al. (2013). United we stand, divided we fall: a meta-analysis of experiments on clonal integration and its relationship to invasiveness. Oecologia 171, 317–327. doi: 10.1007/s00442-012-2430-9

Valladares, F., Gianoli, E., and Gómez, J. M. (2007). Ecological limits to plant phenotypic plasticity. New Phytol. 176, 749–763. doi: 10.1111/j.1469-8137.2007.02275.x

Wang, A., Wang, X., Tognetti, R., Lei, J. P., Pan, H. L., Liu, X. L., et al. (2018). Elevation alters carbon sinks, nutrient concentrations and stoichiometry in Quercus aquifolioides in southwestern China. Sci. Total Environ. 622, 1463–1475.

Wang, Y. J., Müller-Schärer, H., van Kleunen, M., Cai, A. M., Zhang, P., Yan, R., et al. (2017). Invasive alien plants benefit more from clonal integration in heterogeneous environments than natives. New Phytol. 216, 1072–1078. doi: 10.1111/nph.14820

Wright, I., Reich, P. J., Falster, D., Groom, P., Hikosaka, K., Lee, W., et al. (2005). Modulation of leaf economic traits and trait relationships by climate. Global Ecol. Biogeogr. 14, 411–421. doi: 10.1111/j.1466-822x.2005.00172.x

Yao, J., Li, Y., Wei, L. P., Jiang, S. S., Yang, S., and Hou, J. H. (2013). Changes of allometric relationships among leaf traits in different ontogenetic stages of Acer mono from different types of forests in Donglingshan of Beijing. Acta Ecol. Sin. 33, 3907–3915. doi: 10.5846/stxb201210011367

Yu, F. H., Wang, N., Alpert, P., He, W. M., and Dong, M. (2009). Physiological integration in an introduced, invasive plant increases its spread into experimental communities and modifies their structure. Am. J. Bot. 96, 1983–1989. doi: 10.3732/ajb.0800426

Yu, F. H., Wang, N., He, W. M., Chu, Y., and Dong, M. (2008). Adaptation of rhizome connections in drylands: increasing tolerance of clones to wind erosion. Ann. Bot. 102, 571–577. doi: 10.1093/aob/mcn119

Zdravko, B. (2011). Leaf trait variation of a dominant neotropical savanna tree across rainfall and fertility gradients. Acta Oecol. 37, 455–461. doi: 10.1016/j.actao.2011.05.014

Zhang, H., Wang, K., Xu, X., Song, T., Xu, Y., and Zeng, F. (2015). Biogeographical patterns of biomass allocation in leaves, stems, and roots in China’s forests. Sci. Rep. 5:15997. doi: 10.1038/srep15997

Zhang, H., Zhuang, S., Sun, B., Ji, H., Li, C., and Zhou, S. (2014). Estimation of biomass and carbon storage of moso bamboo (Phyllostachys pubescens mazel ex houz.) in southern China using a diameter–age bivariate distribution model. Forestry 87, 674–682. doi: 10.1093/forestry/cpu028

Zhang, T., Zhao, Y. L., Jin, H., Zhang, J. Y., and Wang, Y. Z. (2017). Morphological variability and allometric relationships of the herb Panax notoginseng in Yunnan, China. Acta Ecol. Sin. 37, 65–69. doi: 10.1016/j.chnaes.2016.12.008

Conflict of Interest Statement: 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.

Copyright © 2018 Guo, Lin, Chen and Yang. 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.

OPS/images/fpls-09-01110-g001.jpg
Leaflength (cm)

10

width rat
(@ 0]

Leaf length
~

@

o
o

o
b

Leaf water ratio (g g'l)

0.1

O One-year old
B Two-year old
Three-year old

A
.
N

aB aB

\
\
\
i
NN

L
L

200

N\
N\

N
sssssss
I

-

\
NN
NN

NN
L
S

200 400

Altitude(m)

800

B 4

W

Leaf width (cm)
(\®)

7

N

Leaf area (sz)

1

Leaf dry matter content (g g 1)
o)
(N}

S
W

0.48

.
-

200

N\
N

\
Ny
NN
-

[1One-year old

N

TN
E%‘i& e~
A
A
A
A
AN

A
A
A
A
A
A
A
A
A
A
A
A
A
A
AN

AN
NN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
NN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
AN
NN

AN

A
A
A
A
A
A
A
A
A
A
A
A
L

400

. . .
...

.

400
Altitude(m)

B Two-year old
Three-year old

800

aA

bA
bA

~
\
\\
aa
A\t

800

W
_
_

N

C

B~

Leaf perimeter (cm)

-
(\®

)

2

Specific leaf area (cm g

ek

[
[\

o © o o
o W B W0

Leaf biomass (dry weight /g)
I

I 0 One-year old
B Two-year old
Three-year old
i aB

N
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN
NN -
N RN
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
NN N
L L

L

200

400 800

800

400
Altitude(m)





OPS/images/fpls-09-01110-e001.jpg
a x x” orlog(y) = log(a) + b x log(x)






OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg


OPS/images/fpls-09-01110-t002.jpg
Effect df Leaf

length
(em)
Alttude 2 3243
Bambooage 2 298
Alttude x Age 4 2,551

Leaf width
(em)

69.67**
5.26*
517

Leaf length :

width ratio

21.166**
0.53™
0.69"

Leaf area
(cm?)

-5 5 bl
5.25*
7.51*

Specific leaf
area
(em?g~")

64.08**
12.82*
5.41%

df, degrees of freedom; F-values and significance levels (**P < 0.01, *P < 0.05, and "P > 0.05) are given.

Leaf water
ratio (g g~ 1)

29.08**
5.15*
6.19*

Leaf dry
weight (g)

148.54**
10.84*
6.87**

Leaf dry
matter
content
(997
7.68"
019
0747





OPS/images/fpls-09-01110-t003.jpg
y-variable x-variable
Leat area Leaf length
Leaf width

Leaf length : width ratio

Leaf perimeter

Altitude

200
400
800
200
400
800
200
400
800
200
400
800

n
90
90
90
90
90
90
90

90
90
90
90
90

0.42

SMA slope

1.94(1.98)
2.32
2.04(1.98)
1.57 (1.61)
1.59 (1.61)
1.68 (1.61)
~1.76 (-1.77)
-2.05
—1.78(=1.77)
1.56 (1.55)
207
1.66 (1.56)

1.32

UppCI

216
256
2.30
1.77
1.77
1.92
—1.43
—1.67
—1.45
1.74
2.41
1.82

Test 1 (P-value)

n, sample size; R2, determination coefficient; SMA slope, scaling slope. All data were log10-transformed before analysis. Numbers in brackets indicate the common SMA
slope for the different altitudes when there was no statistically significant difference in the estimated exact slope values between the two (or among the three) altitudes to
be compared. LowCl and UppCl are lower and upper limits for the 95% confidence intervals, respectively. Test1 (P-value) indicates the statistical significance of the SMA

slope value being different from 1.





OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-09-01110-t004.jpg
y-variable x-variable
Leaf biomass Leaf length
(dry weight)
Leaf width
Leaf

length : width ratio

Leaf perimeter

Leaf area

Leaf water ratio

Altitude

200
400
800
200
400
800
200
400
800
200
400
800
200
400
800
200
400
800

n

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90

0.71
0.48

SMA slope

2.36 (2.46)
277 (2.46)
2.38 (2.46)
1.91(1.92)
1.97 (1.92)
1.90(1.92)

—2.14(-2.12)

—2.44

—2.08(-2.12)

1.88 (1.86)
2.47
1.81(1.86)

1.06 (0.97)
0.99 (0.97)

LowClI

232
2.38
2.04
1.65
1.65
1.69
-2.65
-2.98
-2.57
1.67
210
1.53
112
1.06
1.05
0.87
0.95
0.89

1.15

Test 1 (P-value)

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.16
0.94
0.34

n, sample size; R?, determination coefficient; SMA slope, scaling slope. All data were log10-transformed before analysis. Numbers in brackets indicate the common SMA
slope for the diifferent altitudes when there was no statistically significant difference in the estimated exact slope values between the two (or among the three) altitudes to
be compared. LowCl and UppCl are lower and upper limits for the 95% confidence intervals, respectively. Test1 (P-value) indicates the statistical significance of the SMA

slope value being different from 1





OPS/images/fpls-09-01110-t001.jpg
Altitude Density (stem hm™2) Diameter at Breast height (cm) Age Structure (1a:2a:3a)

Low altitude (200 m) 5230 + 136 36+£027 3.42:4.13:2.35
Middle altitude (400 m) 4860 + 113 43+032 3.63:4.28:2.19
High altitude (800 m) 4430 + 109 4.2 +031 3.31:4.13:2.46





