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Root chemical traits play a critical role in plant resource use strategies and ecosystem nutrient cycling; however, the chemical diversity of multiple elements of fine root and community chemical assembly belowground are poorly understood. Here, we measured 13 elements (C, N, K, Ca, Mg, S, P, Al, Fe, Na, Mn, Zn, and Cu) in the fine roots of 204 plant species along elevational transect from 540 to 2357 m of Changbai Mountain, China to explore the variation, diversity, and community assembly of root chemical traits. At the species level, the concentrations of macronutrients (N, K, Ca, Mg, S, and P) decreased, whereas the trace metals (Fe, Mn, and Zn) increased with elevation. Root chemical traits at the community level systematically shifted along elevational gradients showing a pattern similar to that at the species level, which were mainly influenced by climate and soil rather than species diversity. In general, the interactions of climate and soil were the main drivers of root chemical assembly for woody layers, whereas soil factors played significant role for root chemical assembly for herb layer. The chemical assembly of rock-derived element P was mainly driven by soil factors. Meanwhile, root chemical diversities were mainly regulated by species diversity, the interactions of climate and soil, and soil factors in the tree, shrub, and herb layers, respectively. A better understanding of plant root chemical diversity and community chemical assembly will help to reveal the role of chemical traits in ecosystem functioning.
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Introduction

Fine roots play an important role in plant functions and ecosystem processes (Norby and Jackson, 2000; Weemstra et al., 2017; Wang et al., 2021). Fine roots are the primary organs for plant resource acquisition, and nutrient release from decomposing roots is a key pathway for nutrient cycling in terrestrial ecosystems (Yuan and Chen, 2010; Haichar et al., 2014; Sun et al., 2021). Many studies have focused on fine root structure and function, including the architectural structure and root morphology (Pregitzer et al., 2002; Iversen, 2014), root production (Yuan and Chen, 2012) and decomposition (Silver and Miya, 2001; Zhang and Wang, 2015), root economics spectrum (Kong et al., 2014; Zhou et al., 2018; Kong et al., 2019; Han and Zhu, 2021), geographic patterns of root traits (Yuan et al., 2011; De La Riva et al., 2018; Weemstra et al., 2021), coordinated variation in leaf and root traits (Newman and Hart, 2006; Zhao et al., 2016a; Weigelt et al., 2021), and root dynamics under global change (Norby and Jackson, 2000; Wang et al., 2015). Furthermore, the Global Root Trait (GRooT) database was created by integrating widespread root traits to improve our understanding of root functioning (Guerrero-Ramirez et al., 2021). Although research on root traits is developing rapidly, understanding root chemical traits are limited to nitrogen (N) and phosphorus (P). The chemical diversity of multiple elements in fine roots and community chemical assembly belowground are still in their infancy.

Although nitrogen (N) and phosphorus (P) are recognized globally as critical to plant functioning, many other elements are also important in plant growth and community composition (Duval et al., 2013). For example, Carbon, which makes up about 38% of plant dry matter, is the basis of the organic skeleton (Stockinger et al., 1997). Iron (Fe), a component of chlorophyll and many enzymes, is involved in the formation of chloroplast proteins and plays an important role in cellular respiration and metabolism (Koseoglu, 1995). Sulfur (S) is a major component of proteins, amino acids, and enzymes and is involved in promoting REDOX, which participates in chlorophyll formation and carbohydrate metabolism (Wang et al., 2009). Aluminum (Al) is a metallic element that attracts plant growth-promoting rhizobia and its interactions with plants by increasing organic secretions (Muhammad et al., 2019). Potassium (K) and sodium (Na) are closely related to plant photosynthesis and respiration and play important roles in enzyme activation, osmotic regulation, and stomatal opening (Wang et al., 2004). Magnesium (Mg) and calcium (Ca) are important intracellular divalent cations and cofactors in various enzymatic reactions in energy metabolism and protein and nucleic acid synthesis (Fan et al., 2020). Studies have also suggested that K and Ca play a key role in plant adaptation to water stress, for example, plants increase K+ and Ca2+ uptake to improve drought resistance (Sardans and Peñuelas, 2015; Tian et al., 2019). Metal elements, such as copper (Cu), manganese (Mn), and zinc (Zn), are mainly involved in electron transport during plant growth, acting as enzyme activation centers, and are also components of a variety of secondary metabolites (Kooijman, 1995; Penuelas et al., 2008; Agren and Weih, 2012). Therefore, understanding the variations in root chemical traits is the foundation for elucidating the formation of community chemical diversity.

The variation and driving factors of root chemical traits at the community level are poorly documented relative to our understanding of root chemical traits at individual and species levels. Previous studies have focused on the variation and driving factors of species chemical traits along environmental gradients. Plant functional type (PFT), climate, and soil are considered to be the major factors shaping the biogeographic patterns of root chemical traits in a complex manner. Root N, P, and multiple elements differed significantly among different biomes, vegetation types, and PFT (e.g., root P increased from tropical forests, tropical grasslands, temperate forests to temperate grasslands, and boreal forests), favoring the species composition hypothesis derived from leaf chemical geography (Reich and Oleksyn, 2004). Trees, shrubs, and herbs indicate similar latitudinal and elevational trends of root chemical traits, that is, root N:P declined with latitude (Yuan et al., 2011) and increased with altitude (Zhao et al., 2016b). Temperature and precipitation are the two most critical climatic variables that strongly govern vegetation distribution and structure, shaping the spatial patterns of root chemical traits, both directly and indirectly (Yuan et al., 2011). Soil chemical attributes (e.g., pH and mineral nutrient availability) are critical for plant growth, and their impact on root chemical patterns cannot be ignored. Several environment-associated hypotheses have been proposed to delineate the formation of leaf chemical patterns, such as the temperature-biogeochemistry hypothesis, temperature-plant physiology hypothesis, and soil substrate age hypothesis (Reich and Oleksyn, 2004), which are also useful for understanding root chemical patterns. However, these species-level studies are inadequate for accounting for the variations in root chemical traits at community level, which are affected by the abundance of different species within a community and community structure. Therefore, to better understand community chemical diversity and chemical assembly belowground, it is necessary to upscale root chemical traits from species to community level.

Although roots play important roles in community assembly (Laughlin, 2014), our understanding of community chemical diversity and assembly is largely based on aboveground traits (Asner et al., 2014; Diaz et al., 2016; De La Riva et al., 2018; Agren and Weih, 2020; Fernández-Martínez, 2022). Chemical diversity is considered as an important dimension of functional diversity and has been proven useful for understanding ecological niches (Penuelas et al., 2019; Sardans et al., 2021) and ecosystem functioning (Craven et al., 2018; Fernandez-Martinez et al., 2021). Although the relationship between functional diversity and species richness showed discordance in different studies and could vary across spatial scales (Suárez-Castro et al., 2022), studies on chemical traits have indicated increased chemical diversity with coexistence between species and higher species diversity (Fernandez-Martinez et al., 2021). The increased chemical diversity could be explained by the complementarity effect (Cardinale et al., 2007), based on different species in a community with contrasting ecological niches and dissimilar chemical traits. Environmental factors (climate and soil factors) affect the distribution of chemical traits and influence the community’s chemical assembly. The study of forest canopies explored the strong environmental control of canopy chemical assembly, especially for rock-derived elements (Asner et al., 2014). It has also been claimed that environmental filtering is the main driver of root chemical assembly along environmental gradients, particularly climate and soil filters (Zhao et al., 2018a). However, there are few studies on root chemical traits at the community level based on root traits, especially the variation and driving factors of community chemical diversity and assembly for different forest stratifications (tree, shrub, and herb layers). Based on the limited observations above, we hypothesize that the controlling factors (climates, soil properties, and species diversity) of community root chemical diversity and assembly are different among the PFTs. In general, the interactions of climate and soil are the main drivers of root chemical assembly for woody layers, whereas soil factors play significant role for root chemical assembly for herb layer. The chemical assembly of rock-derived element P is mainly driven by soil factors.

The substantial variation in microhabitat structure along an elevational gradient provides an excellent natural laboratory for investigating the responses of root chemical traits to environmental changes. In this study, we investigated the concentrations of 13 elements of fine roots along an elevational transect on the northern slope of Changbai Mountain, China. To test our hypothesis, we analyzed (1) the elevational patterns of root chemical traits at the species level and their controlling factors (climates, soil properties, and PFT), (2) the elevational patterns of root chemical traits at the community level for different PFTs (tree, shrub, and herb layers) and the key controlling factors (climates, soil properties, and species diversity), and (3) the elevational patterns of community root chemical diversity for different PFTs and their controlling factors (climates, soil properties, and species diversity).



Materials and methods


Study sites

Changbai Mountain (N41°23′-42°36′, E126°55′-129°00′ E) is located in the northeast of Jilin Province, China and is characterized by a temperate continental monsoon mountain climate. Along the increasing elevational gradient from 500 to 2357 m, mean annual temperature (MAT) decreases from 3.5°C to -7.4°C, and mean annual precipitation (MAP) increases from 700 to 1400 mm (Zhu et al., 2010). There is noticeable vertical climate change and distinct vertical vegetation zonation. As elevation increases, vegetation types range from broad-leaved forest (BL), mixed coniferous broad-leaved forest (MCB), dark-coniferous spruce-fir forests (DCFs), dark-coniferous spruce forests (DCS), Erman’s birch forest (EB) to alpine tundra (AT). The soil types and the main characteristics along the elevational gradient are summarized in Table 1.


Table 1 | Summary of vegetation types, environmental factors, plot numbers, dominant species, and the sample numbers for 204 species from six sites along the elevational transect on Changbai Mountain.





Root and soil sampling

We established six sampling sites (A–F) with an elevational gradient along the northern slope of Changbai Mountain: 540, 753, 1286, 1812, 2008, and 2357 m (Supplementary Figure S1). A stratified survey was used to investigate the community structure of the forests. Four primary quadrats (30 × 40 m), one or two nested sub-quadrats (5 × 5 m), and four nested sub-quadrats (1 × 1 m) were established in representative communities of each forest site for the survey of the tree, shrub, and herb layers, respectively (the quadrat numbers of each site are shown in Table 1). Species number, plant height, breast height (DBH) diameter, and species biomass of all trees with DBH ≥ 2 cm, all shrubs with basal stem diameter ≥ 2 cm, and all herbs in quadrats were measured. The climatic variables, including MAT and MAP for each sampling site, were derived from Chi et al. and Zhu et al.

Plant and soil samples were collected from six sites along an elevational gradient. Whole mature individual plants were collected for small herb species, and roots less than 2 mm were screened and transported to the laboratory for post-processing. To sample the roots of the trees and shrubs, we first loosened the soil within 2 m of the stem of the target plant on one side. Then, the root branches were followed by the tree stem to confirm the plant species. Subsequently, roots less than 2 mm in size were cut from the main lateral woody roots. The root samples were carefully washed to remove soil and other materials, oven-dried at 60°C in the laboratory and then ground in a ball mill for chemical analysis. Three replicates were performed for each species to ensure data reliability. A total of 612 individuals were collected from 204 species, with three replicates per species.

At each site, the soil was randomly sampled from 30 to 50 points in the 0–10 cm and 10–30 cm layers, and soil samples from the same depth were mixed. The soil samples were screened (with 2 mm mesh), air-dried in the ventilation chamber, and then ground in a ball mill for chemical analysis. Thirteen chemical elements (C, N, K, Ca, Mg, S, P, Al, Fe, Na, Mn, Zn, and Cu), soil pH, available soil phosphorus, and soil available nitrogen were measured in mixed soil samples. The measured soil chemical elements and conventional indexes were used to explore the diversity of root chemical traits.



Elemental analysis

Thirteen elements (C, N, K, Ca, Mg, S, P, Al, Fe, Na, Mn, Zn, and Cu) were analyzed in the root and soil samples. The elements that account for more than 1/10000 of the total weight of organisms are macro-elements (C, N, K, Ca, Mg, S, and P), and the rest are microelements (Al, Fe, Na, Mn, Zn, and Cu). C and N were measured using an element analyzer (Vario Max CN Element Analyzer; Elementary Hanau, Germany). A microwave grad system (Mars X Press Microwave Grad System; CEM, Matthews, NC) was used to extract elemental ions from the samples after tracing metal-grade 68% HNO3 (for root samples) and HF (for soil samples) acidification. The elemental concentrations were analyzed using an inductively coupled plasma emission spectrometer (ICP-OES, Optima 5300 DV; PerkinElmer, Waltham, MA). Soil available N (SAN) was extracted with 2 mol L-1 KCL and measured using a continuous flow analyzer. Soil available P (SAP) was extracted from 5 g of air-dried soil with 100 ml 0.5 mol L-1 NaHCO3 and measured by the ammonium molybdate method.



Statistical analysis

Root chemical traits were analyzed at both the species and community levels to explore the elevational patterns. At the species level, the coefficient of variation (CV) was used to evaluate the variability of fine root multiple elements concentrations (Zhao et al., 2016b).

	

At the community level, the community-weighted mean (CWM) was used to evaluate the chemical element content in fine roots. The community-weighted variance (CWV) was used to evaluate the variability of multiple fine root elements (Hulshof et al., 2013). It should be noted that the collected species were divided into independent growth layers: tree, shrub, and herb layers, which were calculated separately at the community level. To do this, the CWM and CWV (Violle et al., 2007) of the elements were calculated for each plot j as follows:

	

	

where Wijis the relative abundance (diameter at breast height, DBH for trees; basal diameter for shrubs; aboveground biomass for herbs) of species i in plot j, and traitij is the root element concentration of species i in plot j.

Linear regression was used to analyze the changes in root chemical concentrations and CWM along the elevation gradient (Zhu et al., 2010). One-way analysis of variance (ANOVA) and Duncan’s post hoc test was used to examine the differences in root chemical concentrations among the different PFT.

To explore the change of community chemical diversity along the elevation, and the influence of species diversity and environmental factors on community chemical diversity, we quantified the community chemical diversity of fine roots using the functional diversity Rao’s Q index (Rao Q). Rao (Rao, 1982) defined quadratic entropy as Rao Q based on species abundance in each quadrat and a measure of pairwise functional trait differences. We calculate Rao Q of the fine-root multi-element through the “dbFD” function of the “FD” package of R. Many distance functions have been developed to compare quantitative data (Botta-Dukat, 2005). Here, it is suggested to use the Euclidean distance to measure the difference in paired functional traits. Species diversity was calculated using the “vegan” package “diversity” function in R. Linear regression, and binomial regression analysis was used to analyze the changes in community chemical diversity and species diversity along the elevation gradient (Zhu et al., 2010). General linear regression was used to analyze the relationship between Rao Q and species diversity index.

Three species diversity indices were selected to evaluate the species diversity of tree, shrub, and herb layers in Changbai Mountain: species richness (S), Shannon index, and Simpson index (Gray, 2000; Keylock, 2005).

	

	

where Pi is the relative importance value of species i and S is the total number of species in the quadrat of species i.

A general linear model (GLM) was used to explore the key factors that control community chemical assembly belowground. GLM can eliminate multi-collinearity between multiple independent variables, thereby increasing the reliability of the analysis (Heikkinen et al., 2005; Zhao et al., 2014). In this study, GLM was mainly applied in three aspects: (i) at the species level, the effects of PFT, climate, and soil on fine root chemical traits; (ii) at the community level, species diversity, climate, and soil effects on fine root chemical traits; and (iii) effects of species diversity, climate, and soil on fine root chemical diversity Rao Q. Detailed analysis steps were as follows: first, stepwise regressions were used to determine the climate (MAP and MAT) and soil variables (element concentration in soil; soil pH; soil available nitrogen [SAN], and soil available phosphorus [SAP]) to exclude variables that did not contribute significantly to the explained variation. Second, GLM was used to separate the variations into different fractions: (i) pure effect of species diversity, (ii) pure effect of climate, (iii) pure effect of soil, and combined variation due to the joint effects of (iv) species diversity and climate, (v) species diversity and soil, (vi) climate and soil, (vii) the three groups of explanatory variables, and (viii) unexplained variation. Logarithmic conversion of the 13 elements was performed to improve the normality of the data before analysis.

One-way ANOVA and Duncan’s post hoc test analysis was performed using SPSS. Linear and binomial regression analyses were performed in R using the “lm” package.




Results


Variations in root chemical traits at the species level

Root chemical traits exhibited extreme variation in the concentrations of 13 elements at the species level. The elemental concentrations ranged from 457.50 mg g−1 for the most abundant element C to 0.013 mg g−1 for the least abundant element Cu (Supplementary Figure S2). The concentrations of macronutrients (N, K, Ca, Mg, S, and P) varied from 12.20 mg g−1 (N) to 1.38 mg g−1 (P). In contrast, the concentrations of micronutrients (Fe, Na, Mn, Zn, and Cu) ranged from 0.76 mg g−1 (Fe) to 0.012 mg g−1 (Cu) (Supplementary Figure S2). The variability of the 13 elements differed widely with the CV increased from 0.07 for root C to 1.70 for root Cu (Supplementary Table S1).

Root chemical traits for the 13 elements showed significant variation among different PFT. Root C and Ca were remarkably higher in woody species than in herbaceous ones, whereas macronutrients (N, K, Mg, S, and P) were highest in herbs. There was no significant difference in the concentrations of trace metals (Fe, Mn, Zn, and Cu) between woody plants and herbs (Supplementary Table S1).

Root chemical traits exhibited a significant elevation pattern. The concentrations of macronutrients (N, K, Ca, Mg, S, and P) decreased, whereas the trace metals (Fe, Mn, and Zn) increased with elevation (Figure 1). PFT, climate, and soil jointly influenced the elevation patterns of fine root chemical concentrations. GLM was used to determine the explanatory capacity of PFT, climate, and soil for different fine root chemical traits along the elevation gradient on Changbai Mountain (Supplementary Table S2). Our results showed that soil was the largest contributor to the explained variations in the fine root N, P, Mg, Mn, Zn, and Cu. PFT was the largest contributor to the explained variations in the fine root C, K, S, Al, and Na concentrations. Climate was the largest contributor to the explained variations in fine root Fe and Ca (Supplementary Table S2).




Figure 1 | Linear regressions between fine root element concentrations and the elevation gradient at the species level. The x-axis represents elevation, the y-axis represents the Log concentrations of fine root elements, and each point in each mini-graph represents a species. Lines are plotted if regressions were significant at P< 0.05. A log scale is used on the y-axis.





Variations in root chemical traits at the community level

Root chemical traits at the community level exhibited significant differences among the five forest types along the elevation transect. The roots of BL and MCB were rich in N, K, Ca, Mg, S, P, Na, and Cu, whereas the CWMs of Al, Zn, and Mn were the highest in DCS and EB (Supplementary Figure S3 and Table S3). Community chemical traits of root systematically shifted along elevational gradients and showed a pattern similar to that at the species level. The CWM of most fine root elements (N, K, Ca, Mg, S, P, Na, and Cu) decreased significantly from low to high elevations. In contrast, the CWM of trace metal elements (Fe, Mn, and Zn) showed an opposite trend in the herb, shrub, and tree layers (Figure 2; Supplementary Table S4). The CWV of macro-elements (N, K, Ca, P, Mg, and S) in the shrub and herb layers decreased significantly with increasing elevation, whereas CWV of metal elements (Fe and Mn) increased significantly with elevation. In the tree layers, CWV of P, Zn, and Fe increased significantly with elevation, whereas that of Cu decreased significantly with elevation. The CWV of the other elements showed no significant relationship with the elevation gradient (Supplementary Figure S4).




Figure 2 | The elevational patterns of community root chemical traits. In each figure, black indicates the tree layer, red indicates the shrub layer, and blue indicates the herb layer. The x-axis represents the elevation gradient, and the y-axis represents the CWM value calculated by the Log of the elements. Solid lines are plotted if regressions were significant at P< 0.05; otherwise, a dashed line is plotted.



Fine root chemical traits at the community level are mainly influenced by abiotic factors (climate and soil) rather than biological factors (species diversity) (Figure 3; Supplementary Table S5). Community chemical traits in herbaceous and woody layers (tree and shrub layers) were affected by different environmental factors. In the herb layer, the CWM of most elements was affected by soil, except for K and Ca, which were affected by climate. In woody layers (tree and shrub layers), CWM of C, K, Ca, Mg, S, Al, Mn, and Cu are mainly regulated by the interactions of climate and soil, whereas P in the tree layer is mainly regulated by soil factors.




Figure 3 | Summary of the General Linear Models (GLMs) for the effects of species diversity, climate, and soil on root chemical traits at the community level. Traits are the CWM of elements.





Root chemical diversity variations

Root chemical trait diversity showed significant elevational patterns (Figure 4). Rao Q differed significantly among the five forest types. With an increase in elevation, Rao Q of the shrub layer increased gradually and reached the maximum value at high elevations. Rao Q of the herb and tree layers first increased and then decreased, reaching a maximum value at middle elevations. Through GLM analysis, we found that Rao Q in the tree layer was mainly regulated by species diversity, Rao Q in the shrub layer was mainly regulated by the interactions of climate and soil, and Rao Q of fine roots in the herb layer was mainly regulated by soil factors (Figure 5; Supplementary Table S7).




Figure 4 | The relationship between the Rao Q of different PFTs fine root chemical traits and the elevation gradient. (A) denotes the tree layer, (B) denotes the shrub layer, and (C) denotes the herb layer.






Figure 5 | Summary of the General Linear Models (GLMs) for the effects of species diversity, climate, and soil factors on Rao Q. The gray circles denote species diversity factors; the pink circles denote climate factors; the blue circles denote soil factors.






Discussion


Multiple element concentrations in fine roots of different element types and different PFT

Root element contents affect the degree of variation in element concentrations. Our results showed that the variation in the macro-elements (C, N, K, Ca, Mg, S, and P) was smaller than that in the microelements (Al, Fe, Na, Mn, Zn, and Cu) (Supplementary Table S1). Previous studies exhibited that the CV increased from 7.0% root C to 87.4% for root Mn (Zhao et al., 2016a), and the concentrations of macro-elements (C, N, K, Mg, and S) and trace metals in roots varied 1–2 times and 3–9 times, respectively (Zhao et al., 2018a). The variability of root elements was similar to that of plant leaves across China (Zhang et al., 2012; Hao et al., 2015). Studies have shown that macroelements are strongly conserved, whereas trace elements have wide variability (Han et al., 2011; Zhao et al., 2016a). The restriction element stability hypothesis explains that high concentrations and, often, restricted elements in nature are less sensitive to environmental gradients (Han et al., 2011). In our study, the variation range of root elements along an elevational gradient (from 540 to 2357 m) (7–100%) was significantly smaller than the variability of elements along a latitude gradient (108.9° E, 18.7° N to 123.0° E, 51.8° N) (40–500% in Han et al., 2011, 35–120% in Zhao et al., 2016a) (Han et al., 2011; Zhao et al., 2016a). This difference suggests that the effect of the geographical scale must be considered when investigating element variability. The content of macroelements in nature is sufficient to supply plant demands fully, so there is no large variation due to environmental effects. However, because of the low content of trace elements, these are easily affected by the environment and the plant itself. Our study further confirms this phenomenon.

Plant root chemical traits showed great diversity among different PFTs. Woody plants are rich in structural elements (C and Ca) that form the cytoskeleton and cell walls. In contrast, herbaceous plants are rich in nutrients (N, K, Mg, Na, and S) related to plant growth, protein synthesis, and stomata (Supplementary Table S1) (Marschner, 2011). Wright et al. (2004) proposed the leaf economics spectrum (LES) concept. LES illustrates a universal LES consisting of key chemical, structural, and physiological properties (Wright et al., 2004). In our study, herbs had higher N, Mg, S, and Na concentrations, whereas trees had lower concentrations. This is because quick-investment return species (herbs) require more N, Mg, S, and Na to support rapid growth. Wen et al. (2021) showed that herbs had higher P, K, and Na and lower C:P and N:K ratios for different plant species than trees and shrubs (Wen et al., 2021). Herbaceous plants contain more nutrients because rapidly growing plants need sufficient nutrients to maximize their growth and development during the short span of the growing season (Kerkhoff et al., 2006; Zhang et al., 2018). Studies have consistently found that woody plants exhibit higher C concentrations than herbaceous plants. Conifers, relative to broad-leaved woody species, had higher C concentrations in their roots, leaves, and stems. The requirements for each essential nutrient are associated with the metabolic processes of the plants with different growth strategies (Sardans and Penuelas, 2014; Sardans et al., 2015; Penuelas et al., 2019; Sardans et al., 2021). The biogeochemical niche hypothesis states that each species has an optimal elemental composition and stoichiometry for optimal functioning to adopt a certain combination of metabolic and physiological processes (Penuelas et al., 2008; Urbina et al., 2017).



Regulation of root chemical traits by PFT, climate, and soil

PFT, climate, and soil are the major factors shaping the complex biogeographic patterns of root chemical traits (Reich and Oleksyn, 2004; Yuan et al., 2011). Our study showed that CWM of root C concentration of shrub and herb layers increased gradually with elevation (Figure 2). This may be an ecological strategy for plants to cope with low temperatures (Zhao et al., 2018a). Non-structural carbon (including starch, low-molecular-weight sugars, and storage lipids) balances the osmotic pressure of cells, and plants at high elevations are subjected to more stress than those at low elevations. Therefore, higher concentrations of C accumulate to resist freezing (Hoch and Korner, 2012). Ecological researchers have proposed two hypotheses to explain the accumulation or deficiency of nutrients in plant tissues at high elevations (Oleksyn et al., 2002; Richardson, 2004). The temperature-plant physiology hypothesis indicates that plants maintain high nutrient concentrations when growing at high elevations to avoid cold injury and maintain metabolic capacity (Oleksyn et al., 2002). The temperature-biogeochemistry hypothesis states that temperature decreases with elevation, and soil microbial activity and plant metabolism decrease, thus limiting soil nutrient cycling and plant absorption (Kabata-Pendias, 2004; Thebault et al., 2014). In this study, the concentration of trace metals (Fe, Mn, and Zn) increased with elevation, which is consistent with the temperature-plant physiology hypothesis that plants maintain higher nutrient concentrations in their tissues to maintain metabolic capacity and avoid damage caused by low and high temperatures (Figures 1 and 2). Wang et al. (2018) observed the same phenomenon in the elevational distribution patterns of trace elements in plant–soil systems. At higher elevations, micronutrient concentrations were higher in roots of trees and shrubs to maintain physiological and ecological processes in colder environments (Wang et al., 2018), and the concentration of macroelements (N, K, Ca, Mg, S, and P) decreased significantly with elevation (Figures 1 and 2). This finding was consistent with the temperature-biogeochemistry hypothesis: Soil biological activity was reduced under low-temperature stress, resulting in slow decomposition of soil organic matter, limited mineral nutrient supply, and reduced absorption of elements by roots (Wright et al., 2004; Zhao et al., 2018b). The tendency of the macroelement (N, K, Ca, and Mg) concentration to decrease with elevation was also found in the fine roots of tropical montane forests (Graefe et al., 2010). In addition, increased precipitation in high-elevation areas led to increased soil leaching and decreased soil nutrient availability, which is also the cause of insufficient root element content in plants (Hedin et al., 2003).

Chemical elements are the basis of the plant body, and these chemical elements are relatively stable in the plant body. Herbaceous plants are short-lived plants with rapid growth and high income (Wright et al., 2004). Our results show that the community chemical traits of the herbaceous layer were mainly regulated by soil factors (Figure 3; Supplementary Table S5). Soil contains a large library of nutrients (Hou et al., 2020). The chemical composition of the fine roots of herbaceous plants is directly affected by changes in soil element concentrations. The rate and concentration of soil supply elements directly affect the growth of herbaceous plants (Hogan et al., 2021). Hogan et al. (2021) found that the concentrations of N, B, P, K, Mn, Cu, and Zn in root tissues increased with increasing soil nutrient availability. Pierick et al. (2021) found that topography and related soil fertility caused considerable small-scale variations in fine root traits and functional diversity in tropical montane forests (Pierick et al., 2021). Dominant species with strong competitiveness in the herbaceous layer can improve the internal stability of the plant body. However, the chemical traits of woody plants were mainly regulated by the interactions of climate and soil (Figure 3; Supplementary Table S5). Compared with herbaceous plants, woody plants are long-lived, and their fine root chemical traits change under the long-term influence of climate. The internal stability of woody plants was better than that of herbaceous plants. Biological homeostasis refers to an organism’s ability to maintain a relatively constant chemical composition in a changing environment (Kooijman, 1995). This hypothesis vividly reveals the relationship between the change in the environmental element ratio and the biological element ratio (Sterner and Elser, 2002).



Chemical diversity and community chemical assembly

Species diversity and community chemical diversity showed significant elevation patterns. The environmental heterogeneity of the elevation gradient results in a variety of species diversity patterns. In our study, the species diversity of trees and herbs decreased significantly with elevation (Supplementary Table S6). The environmental energy hypothesis holds that the geographical pattern of species diversity is mainly caused by the direct energetic control of the physiological activities of species, and energy changes species diversity by directly affecting the physiological regulation mechanisms of individual organisms (Currie, 1991; Huang et al., 2017). Favorable environmental conditions allow more species to coexist, but temperatures and precipitation gradually decrease with elevation, and species that cannot adapt to extreme environments are lost. Mediterranean species declined with elevation because they were negatively affected by decreasing temperature (Di Biase et al., 2021).

Our study showed that the chemical diversity (Rao Q) of fine roots reached a maximum at middle elevations in the tree and herb layers (Figure 4). Rao’s quadratic entropy (Rao Q) represents the niche space overlap degree of a community. Higher Rao’s quadratic entropy leads to a weaker niche overlap degree of the species and weaker resource competition (Mason et al., 2005). In our study, Rao’s quadratic entropy of root element concentration of trees and herbs was the highest at middle elevations, indicating that plants at middle elevations utilize resources with high efficiency, improving ecosystem function (Diaz and Cabido, 2001). The chemical diversity of the shrub layer was highest at high elevations. Through GLM analysis, we found that Rao Q in the shrub layer was mainly regulated by the interactions between climate and soil. Therefore, the high Rao Q at high altitude may be related to the adaptation of shrubs to the environment and the utilization of resources. Rao Q has a positive effect on ecosystem processes, because highly diverse communities are better able to make optimal use of available resources, leading to increased ecosystem process rates. This mechanism has been termed the niche complementarity effect (Fox, 2005; Reiss et al., 2009; Searle and Chen, 2020). Based on the complementary effects, different species in the community have different ecological niches and chemical traits (Cardinale et al., 2007). Studies on chemical traits have shown that chemical diversity increases with the coexistence of species and species diversity (Fernandez-Martinez et al., 2021), whereas some studies showed that functional diversity remained unchanged or decreased with the increase of species diversity (Suárez-Castro et al., 2022). Many relationships existed between species diversity and functional diversity among PFTs (Supplementary Figure 5). In this study, the species diversity of the tree and herb layers significantly decreased with the increase of elevation, and the species diversity of the shrub layer also showed a decreasing trend, but not significantly (Supplementary Table S6), and the community structure tended to be simple at high elevations. The Rao Q of tree and shrub layers showed significant unimodal change with species diversity index (Richness, Simpson). The reason is that the species diversity of tree and shrub layers is higher and the content of chemical elements in the environment is more abundant at low elevation; however, due to the rich content of chemical elements, the requirements of each species for chemical elements are less limited, resulting in small differences in chemical traits among species. Therefore, Rao Q of tree and shrub layers at low elevation was small. In the middle elevation, the species diversity of tree and shrub layers is moderate, the ecological niche is well occupied, the environmental resources are fully utilized, the traits difference between species is large, and the functional diversity Rao Q is high. However, species diversity of tree and shrub layers decreased at high elevations, and the community structure tended to be simple at high elevations. Plants have evolved similar chemical traits to cope with low temperatures. Due to the convergence of plant functional traits, the complementarity of plant resource utilization decreases, leading to the decrease of chemical diversity. This is not only an adaptation to factors such as temperature, water, and species diversity at different elevations but also the result of environmental filtering (Mason et al., 2005). Hu et al. (2014) also found some correlation between species diversity and functional diversity in sandy plant communities (Hu et al., 2014).

The CWM describes the dominant functional trait value of the overall community by weighting species trait values based on species abundance (Lavorel et al., 2008). This can better reflect the mass ratio of species and community chemical assemblies (Lohbeck et al., 2015). This study showed that the weighted average value of the fine root chemical element community was mainly affected by the climate and soil rather than species diversity. Herb plants adopt a rapid growth strategy (Miller and Hawkins, 2003; Wright et al., 2004). According to the homeostasis hypothesis, strong species competitiveness can effectively maintain internal stability in plants. Dominant plants strongly influence ecosystem processes and control most of their resources (Hooper et al., 2005). This suggests that dominant plants may have high internal stability, because they control most resources. In contrast, rare plants have to take advantage of the resources left by the dominant plants. Most woody plants have slow growth and slow death strategy that affects the chemical composition of fine roots under long-term temperature and precipitation conditions (Agren and Weih, 2020). Climate is a major driver of the chemical construction of woody plant communities. However, the P content in woody plant fine roots is mainly regulated by soil factors because P is derived from mineral weathering in soil (Schreeg et al., 2013; Asner et al., 2014). Some metals, such as Al and Mn, are also regulated by soil factors in woody plants. Al and Mn are not essential elements in plants. However, many metal cations (Al+3, Mn+2) can be absorbed from acidic soil, resulting in excessive accumulation of Al and Mn in the soil and toxic effects on plants (Millaleo et al., 2010; Rehmus et al., 2017). Variations in chemical traits provide feedback on the function and organization of ecosystems and ultimately become another driver of life and environmental evolution.




Conclusions

Our study improved the understanding of community chemical diversity of multiple elements and community chemical assembly belowground based on root chemical traits. The variation of root chemical traits at the species level was mainly regulated by PFTs and soil factors. Community chemical assembly of fine root were mainly driven by the interactions of climate and soil for woody layers, whereas soil factors played significant role for root chemical assembly for herb layer. The chemical assembly of rock-derived element P was mainly driven by soil factors. Meanwhile, root chemical diversities showed significant elevational patterns and were regulated by species diversity, the interactions of climate and soil, and soil factors in the tree, shrub and herb layers, respectively. However, this study is only a prelude to the root chemical traits and their significance in community chemical assembly. Further understanding of root morphological characteristics and structural diversity is required to fully understand the complex role of roots in community functional diversity and community assembly.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author contributions

SW performed the data analyses and wrote the manuscript; contributed to the conception of the study and contributed significantly to analysis and manuscript preparation. RW contributed to the experimental process and collect data. NZ contributed to the conception of the study; contributed significantly to analysis and manuscript preparation and helped perform the analysis with constructive discussions. HZ, YW, YD, SZ contributed to manuscript preparation. All authors contributed to the article and approved the submitted version.



Funding

We thank for the support by the National Natural Science Foundation of China (No.32271619) and Gansu Province Science Foundation (No. 20JR10RA621).



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.2022.897838/full#supplementary-material



References

 Agren, G. I., and Weih, M. (2012). Plant stoichiometry at different scales: element concentration patterns reflect environment more than genotype. New Phytol. 194 (4), 944–952. doi: 10.1111/j.1469-8137.2012.04114.x

 Agren, G. I., and Weih, M. (2020). Multi-dimensional plant element stoichiometry-looking beyond carbon, nitrogen, and phosphorus. Front. Plant Sci. 11. doi: 10.3389/fpls.2020.00023

 Asner, G. P., Martin, R. E., Tupayachi, R., Anderson, C. B., Sinca, F., Carranza-Jimenez, L., et al. (2014). Amazonian Functional diversity from forest canopy chemical assembly. Proc. Natl. Acad. Sci. United. States America 111 (15), 5604–5609. doi: 10.1073/pnas.1401181111

 Botta-Dukat, Z. (2005). Rao's quadratic entropy as a measure of functional diversity based on multiple traits. J. Vegetation. Sci. 16 (5), 533–540. doi: 10.1111/j.1654-1103.2005.tb02393.x

 Cardinale, B. J., Wright, J. P., Cadotte, M. W., Carroll, I. T., Hector, A., Srivastava, D. S., et al. (2007). Impacts of plant diversity on biomass production increase through time because of species complementarity. Proc. Natl. Acad. Sci. 104 (46), 18123–18128. doi: 10.1073/pnas.0709069104

 Craven, D., Eisenhauer, N., Pearse, W. D., Hautier, Y., Isbell, F., Roscher, C., et al. (2018). Multiple facets of biodiversity drive the diversity–stability relationship. Nat. Ecol. Evol. 2 (10), 1579–1587. doi: 10.1038/s41559-018-0647-7

 Currie, D. J. (1991). Energy and large-scale patterns of animal-species and plant-species richness. Am. Nat. 137 (1), 27–49. doi: 10.1086/285144

 De La Riva, E. G., Marañón, T., Pérez-Ramos, I. M., Navarro-Fernández, C. M., Olmo, M., and Villar, R. (2018). Root traits across environmental gradients in Mediterranean woody communities: are they aligned along the root economics spectrum? Plant Soil 424 (1-2), 35–48. doi: 10.1007/s11104-017-3433-4

 Diaz, S., and Cabido, M. (2001). Vive la difference: plant functional diversity matters to ecosystem processes. Trends Ecol. Evol. 16 (11), 646–655. doi: 10.1016/s0169-5347(01)02283-2

 Diaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. J., Lavorel, S., Dray, S., et al. (2016). The global spectrum of plant form and function. Nature 529 (7585), 167–16+. doi: 10.1038/nature16489

 Di Biase, L., Pace, L., Mantoni, C., and Fattorini, S. (2021). Variations in plant richness, biogeographical composition, and life forms along an elevational gradient in a Mediterranean mountain. Plants-Basel 10 (10), 2090. doi: 10.3390/plants10102090

 Duval, B. D., Dijkstra, P., Drake, B. G., Johnson, D. W., Ketterer, M. E., Megonigal, J. P., et al. (2013). Element pool changes within a scrub-oak ecosystem after 11 years of exposure to elevated CO2. PloS One 8 (5), e64386. doi: 10.1371/journal.pone.0064386

 Fan, Q. S., Wang, Z. F., Chang, S. H., Peng, Z. C., Wanapat, M., Bowatte, S., et al. (2020). Relationship of mineral elements in sheep grazing in the highland agro-ecosystem. Asian-Australasian. J. Anim. Sci. 33 (1), 44–52. doi: 10.5713/ajas.18.0955

 Fernández-Martínez, M. (2022). From atoms to ecosystems: elementome diversity meets ecosystem functioning. New Phytol. 234 (1), 35–42. doi: 10.1111/nph.17864

 Fernandez-Martinez, M., Preece, C., Corbera, J., Cano, O., Garcia-Porta, J., Sardans, J., et al. (2021). Bryophyte C:N:P stoichiometry, biogeochemical niches and elementome plasticity driven by environment and coexistence. Ecol. Lett. 24 (7), 1375–1386. doi: 10.1111/ele.13752

 Fox, J. W. (2005). Interpreting the 'selection effect' of biodiversity on ecosystem function. Ecol. Lett. 8 (8), 846–856. doi: 10.1111/j.1461-0248.2005.00795.x

 Graefe, S., Hertel, D., and Leuschner, C. (2010). N, p and K limitation of fine root growth along an elevation transect in tropical mountain forests. Acta Oecologica-International. J. Ecol. 36 (6), 537–542. doi: 10.1016/j.actao.2010.07.007

 Gray, J. S. (2000). The measurement of marine species diversity, with an application to the benthic fauna of the Norwegian continental shelf. J. Exp. Mar. Biol. Ecol. 250 (1-2), 23–49. doi: 10.1016/s0022-0981(00)00178-7

 Guerrero-Ramirez, N. R., Mommer, L., Freschet, G. T., Iversen, C. M., McCormack, M. L., Kattge, J., et al. (2021). Global root traits (GRooT) database. Global Ecol. Biogeograp. 30 (1), 25–37. doi: 10.1111/geb.13179

 Haichar, F. E., Santaella, C., Heulin, T., and Achouak, W. (2014). Root exudates mediated interactions belowground. Soil Biol. Biochem. 77, 69–80. doi: 10.1016/j.soilbio.2014.06.017

 Han, W. X., Fang, J. Y., Reich, P. B., Woodward, F. I., and Wang, Z. H. (2011). Biogeography and variability of eleven mineral elements in plant leaves across gradients of climate, soil and plant functional type in China. Ecol. Lett. 14 (8), 788–796. doi: 10.1111/j.1461-0248.2011.01641.x

 Han, M. G., and Zhu, B. (2021). Linking root respiration to chemistry and morphology across species. Global Change Biol. 27 (1), 190–201. doi: 10.1111/gcb.15391

 Hao, Z., Kuang, Y. W., and Kang, M. (2015). Untangling the influence of phylogeny, soil and climate on leaf element concentrations in a biodiversity hotspot. Funct. Ecol. 29 (2), 165–176. doi: 10.1111/1365-2435.12344

 Hedin, L. O., Vitousek, P. M., and Matson, P. A. (2003). Nutrient losses over four million years of tropical forest development. Ecology 84 (9), 2231–2255. doi: 10.1890/02-4066

 Heikkinen, R. K., Luoto, M., Kuussaari, M., and Poyry, J. (2005). New insights into butterfly-environment relationships using partitioning methods. Proc. R. Soc. B-Biol. Sci. 272 (1577), 2203–2210. doi: 10.1098/rspb.2005.3212

 Hoch, G., and Korner, C. (2012). Global patterns of mobile carbon stores in trees at the high-elevation tree line. Global Ecol. Biogeograp. 21 (8), 861–871. doi: 10.1111/j.1466-8238.2011.00731.x

 Hogan, J. A., Valverde-Barrantes, O. J., Tang, W. G., Ding, Q., Xu, H., and Baraloto, C. (2021). Evidence of elemental homeostasis in fine root and leaf tissues of saplings across a fertility gradient in tropical montane forest in hainan, China. Plant Soil 460 (1-2), 625–646. doi: 10.1007/s11104-020-04802-y

 Hooper, D. U., Chapin, F. S., Ewel, J. J., Hector, A., Inchausti, P., Lavorel, S., et al. (2005). Effects of biodiversity on ecosystem functioning: A consensus of current knowledge. Ecol. Monogr. 75 (1), 3–35. doi: 10.1890/04-0922

 Hou, D., Guo, K., and Liu, C. (2020). Asymmetric effects of grazing intensity on macroelements and microelements in grassland soil and plants in inner Mongolia grazing alters nutrient dynamics of grasslands. Ecol. Evol. 10 (16), 8916–8926. doi: 10.1002/ece3.6591

 Huang, S. Z., Huang, Q., Leng, G. Y., Zhao, M. L., and Meng, E. H. (2017). Variations in annual water-energy balance and their correlations with vegetation and soil moisture dynamics: A case study in the wei river basin, China. J. Hydrol. 546, 515–525. doi: 10.1016/j.jhydrol.2016.12.060

 Hu, G., Jin, Y., Liu, J. L., and Yu, M. J. (2014). Functional diversity versus species diversity: relationships with habitat heterogeneity at multiple scales in a subtropical evergreen broad-leaved forest. Ecol. Res. 29 (5), 897–903. doi: 10.1007/s11284-014-1178-6

 Hulshof, C. M., Violle, C., Spasojevic, M. J., McGill, B., Damschen, E., Harrison, S., 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. Vegetation. Sci. 24 (5), 921–931. doi: 10.1111/jvs.12041

 Iversen, C. M. (2014). Using root form to improve our understanding of root function. New Phytol. 203 (3), 707–709. doi: 10.1111/nph.12902

 Kabata-Pendias, A. (2004). Soil-plant transfer of trace elements - an environmental issue. Geoderma 122 (2-4), 143–149. doi: 10.1016/j.geoderma.2004.01.004

 Kerkhoff, A. J., Fagan, W. F., Elser, J. J., and Enquist, B. J. (2006). Phylogenetic and growth form variation in the scaling of nitrogen and phosphorus in the seed plants. Am. Nat. 168 (4), E103–E122. doi: 10.1086/507879

 Keylock, C. J. (2005). Simpson Diversity and the Shannon-wiener index as special cases of a generalized entropy. Oikos 109 (1), 203–207. doi: 10.1111/j.0030-1299.2005.13735.x

 Kong, D. L., Ma, C. G., Zhang, Q., Li, L., Chen, X. Y., Zeng, H., et al. (2014). Leading dimensions in absorptive root trait variation across 96 subtropical forest species. New Phytol. 203 (3), 863–872. doi: 10.1111/nph.12842

 Kong, D. L., Wang, J. J., Wu, H. F., Valverde-Barrantes, O. J., Wang, R. L., Zeng, H., et al. (2019). Nonlinearity of root trait relationships and the root economics spectrum. Nat. Commun. 10, 2203. doi: 10.1038/s41467-019-10245-6

 Kooijman, S. (1995). The stoichiometry of animal energetics. J. Theor. Biol. 177 (2), 139–149.

 Koseoglu, A. T. (1995). Effect of iron chlorosis on mineral-composition of peach leaves. J. Plant Nutr. 18 (4), 765–776. doi: 10.1080/01904169509364936

 Laughlin, D. C. (2014). The intrinsic dimensionality of plant traits and its relevance to community assembly. J. Ecol. 102 (1), 186–193. doi: 10.1111/1365-2745.12187

 Lavorel, S., Grigulis, K., McIntyre, S., Williams, N. S. G., Garden, D., Dorrough, J., et al. (2008). Assessing functional diversity in the field - methodology matters! Funct. Ecol. 22 (1), 134–147. doi: 10.1111/j.1365-2435.2007.01339.x

 Lohbeck, M., Poorter, L., Martínez-Ramos, M., and Bongers, F. (2015). Biomass is the main driver of changes in ecosystem process rates during tropical forest succession. Ecology 96 (5), 1242–1252. doi: 10.1890/14-0472.1

 Marschner, H. (2011). Marschner's mineral nutrition of higher plants (School of Agriculture, Food and Wine, The University of Adelaide, Australia: Academic press).

 Mason, N. W. H., Mouillot, D., Lee, W. G., and Wilson, J. B. (2005). Functional richness, functional evenness and functional divergence: the primary components of functional diversity. Oikos 111 (1), 112–118. doi: 10.1111/j.0030-1299.2005.13886.x

 Millaleo, R., Reyes-Diaz, M., Ivanov, A. G., Mora, M. L., and Alberdi, M. (2010). Manganese as essential and toxic element for plants: transport, accumulation and resistance mechanisms. J. Soil Sci. Plant Nutr. 10 (4), 476–494. doi: 10.4067/s0718-95162010000200008

 Miller, B. D., and Hawkins, B. J. (2003). Nitrogen uptake and utilization by slow- and fast-growing families of interior spruce under contrasting fertility regimes. Can. J. For. Research-Revue. Can. Recherche Forestiere 33 (6), 959–966. doi: 10.1139/x03-017

 Muhammad, N., Zvobgo, G., and Zhang, G. P. (2019). A review: The beneficial effects and possible mechanisms of aluminum on plant growth in acidic soil. J. Integr. Agric. 18 (7), 1518–1528. doi: 10.1016/s2095-3119(18)61991-4

 Newman, G. S., and Hart, S. C. (2006). Nutrient covariance between forest foliage and fine roots. For. Ecol. Manage. 236 (2-3), 136–141. doi: 10.1016/j.foreco.2006.10.001

 Norby, R. J., and Jackson, R. B. (2000). Root dynamics and global change: seeking an ecosystem perspective. New Phytol. 147 (1), 3–12. doi: 10.1046/j.1469-8137.2000.00676.x

 Oleksyn, J., Reich, P. B., Zytkowiak, R., Karolewski, P., and Tjoelker, M. G. (2002). Needle nutrients in geographically diverse pinus sylvestris l. populations. Ann. For. Sci. 59 (1), 1–18. doi: 10.1051/forest:2001001

 Penuelas, J., Fernandez-Martinez, M., Ciais, P., Jou, D., Piao, S. L., Obersteiner, M., et al. (2019). The bioelements, the elementome, and the biogeochemical. Ecology 100 (5), e02652. doi: 10.1002/ecy.2652

 Penuelas, J., Sardans, J., Ogaya, R., and Estiarte, M. (2008). Nutrient stoichiometric relations and biogeochemical niche in coexisting plant species: effect of simulated climate change. Polish. J. Ecol. 56 (4), 613–622.

 Pierick, K., Leuschner, C., and Homeier, J. (2021). Topography as a factor driving small-scale variation in tree fine root traits and root functional diversity in a species-rich tropical montane forest. New Phytol. 230 (1), 129–138. doi: 10.1111/nph.17136

 Pregitzer, K. S., DeForest, J. L., Burton, A. J., Allen, M. F., Ruess, R. W., and Hendrick, R. L. (2002). Fine root architecture of nine north American trees. Ecol. Monogr. 72 (2), 293–309. doi: 10.1890/0012-9615(2002)072[0293:Fraonn]2.0.Co;2

 Rao, C. R. (1982). Diversity and dissimilarity coefficients - a unified approach. Theor. Population. Biol. 21 (1), 24–43. doi: 10.1016/0040-5809(82)90004-1

 Rehmus, A., Bigalke, M., Boy, J., Valarezo, C., and Wilcke, W. (2017). Aluminum cycling in a tropical montane forest ecosystem in southern Ecuador. Geoderma 288, 196–203. doi: 10.1016/j.geoderma.2016.11.002

 Reich, P. B., and Oleksyn, J. (2004). Global patterns of plant leaf n and p in relation to temperature and latitude. Proc. Natl. Acad. Sci. United. States America 101 (30), 11001–11006. doi: 10.1073/pnas.0403588101

 Reiss, J., Bridle, J. R., Montoya, J. M., and Woodward, G. (2009). Emerging horizons in biodiversity and ecosystem functioning research. Trends Ecol. Evol. 24 (9), 505–514. doi: 10.1016/j.tree.2009.03.018

 Richardson, A. D. (2004). Foliar chemistry of balsam fir and red spruce in relation to elevation and the canopy light gradient in the mountains of the northeastern united states. Plant Soil 260 (1-2), 291–299. doi: 10.1023/b:Plso.0000030179.02819.85

 Sardans, J., Janssens, I. A., Alonso, R., Veresoglou, S. D., Rillig, M. C., Sanders, T. G. M., et al. (2015). Foliar elemental composition of European forest tree species associated with evolutionary traits and present environmental and competitive conditions. Global Ecol. Biogeograp. 24 (2), 240–255. doi: 10.1111/geb.12253

 Sardans, J., and Penuelas, J. (2014). Climate and taxonomy underlie different elemental concentrations and stoichiometries of forest species: the optimum "biogeochemical niche". Plant Ecol. 215 (4), 441–455. doi: 10.1007/s11258-014-0314-2

 Sardans, J., and Peñuelas, J. (2015). Potassium: a neglected nutrient in global change. Global Ecol. Biogeograp. 24 (3), 261–275.

 Sardans, J., Vallicrosa, H., Zuccarini, P., Farre-Armengol, G., Fernandez-Martinez, M., Peguero, G., et al. (2021). Empirical support for the biogeochemical niche hypothesis in forest trees. Nat. Ecol. Evol. 5 (2), 184–18+. doi: 10.1038/s41559-020-01348-1

 Schreeg, L. A., Mack, M. C., and Turner, B. L. (2013). Nutrient-specific solubility patterns of leaf litter across 41 lowland tropical woody species. Ecology 94 (1), 94–105. doi: 10.1890/11-1958.1

 Searle, E. B., and Chen, H. Y. H. (2020). Complementarity effects are strengthened by competition intensity and global environmental change in the central boreal forests of Canada. Ecol. Lett. 23 (1), 79–87. doi: 10.1111/ele.13411

 Silver, W. L., and Miya, R. K. (2001). Global patterns in root decomposition: comparisons of climate and litter quality effects. Oecologia 129 (3), 407–419. doi: 10.1007/s004420100740

 Sterner, R. W., and Elser, J. J. (2002). Ecological stoichiometry: The biology of elements from molecules to the biosphere 300 (5621), 906–907. doi: 10.1126/science.1083140

 Stockinger, E. J., Gilmour, S. J., and Thomashow, M. F. (1997). Arabidopsis thaliana CBF1 encodes an AP2 domain-containing transcriptional activator that binds to the c-repeat/DRE, a cis-acting DNA regulatory element that stimulates transcription in response to low temperature and water deficit. Proc. Natl. Acad. Sci. United. States America 94 (3), 1035–1040. doi: 10.1073/pnas.94.3.1035

 Suárez-Castro, A. F., Raymundo, M., Bimler, M., and Mayfield, M. M. (2022). Using multi-scale spatially explicit frameworks to understand the relationship between functional diversity and species richness. Ecograp. 2022 (6), SI. doi: 10.1111/ecog.05844

 Sun, L. J., Ataka, M., Han, M. G., Han, Y. F., Gan, D. Y., Xu, T. L., et al. (2021). Root exudation as a major competitive fine-root functional trait of 18 coexisting species in a subtropical forest. New Phytol. 229 (1), 259–271. doi: 10.1111/nph.16865

 Thebault, A., Clement, J. C., Ibanez, S., Roy, J., Geremia, R. A., Perez, C. A., et al. (2014). Nitrogen limitation and microbial diversity at the treeline. Oikos 123 (6), 729–740. doi: 10.1111/j.1600-0706.2013.00860.x

 Tian, D., Reich, P. B., Chen, H. Y. H., Xiang, Y., Luo, Y., Shen, Y., et al. (2019). Global changes alter plant multi-element stoichiometric coupling. New Phytol. 221 (2), 807–817. doi: 10.1111/nph.15428

 Urbina, I., Sardans, J., Grau, O., Beierkuhnlein, C., Jentsch, A., Kreyling, J., et al. (2017). Plant community composition affects the species biogeochemical niche. Ecosphere 8 (5), e01801. doi: 10.1002/ecs2.1801

 Violle, C., Navas, M. L., Vile, D., Kazakou, E., Fortunel, C., Hummel, I., et al. (2007). Let the concept of trait be functional! Oikos 116 (5), 882–892. doi: 10.1111/j.2007.0030-1299.15559.x

 Wang, J., Defrenne, C., McCormack, M. L., Yang, L., Tian, D., Luo, Y., et al. (2021). Fine-root functional trait responses to experimental warming: a global meta-analysis. New Phytol. 230 (5), 1856–1867. doi: 10.1111/nph.17279

 Wang, R. Z., Wang, X., Jiang, Y., Cerda, A., Yin, J. F., Liu, H. Y., et al. (2018). Soil properties determine the elevational patterns of base cations and micronutrients in the plant-soil system up to the upper limits of trees and shrubs. Biogeosciences 15 (6), 1763–1774. doi: 10.5194/bg-15-1763-2018

 Wang, S. M., Wan, C. G., Wang, Y. R., Chen, H., Zhou, Z. Y., Fu, H., et al. (2004). The characteristics of na+, k+ and free proline distribution in several drought-resistant plants of the alxa desert, China. J. Arid. Environ. 56 (3), 525–539. doi: 10.1016/s0140-1963(03)00063-6

 Wang, M. Y., Wu, L. H., and Zhang, J. (2009). Impacts of root sulfate deprivation on growth and elements concentration of globe amaranth (Gomphrena globosa l.) under hydroponic condition. Plant Soil Environ. 55 (11), 484–493. doi: 10.17221/70/2009-pse

 Weemstra, M., Freschet, G. T., Stokes, A., and Roumet, C. (2021). Patterns in intraspecific variation in root traits are species-specific along an elevation gradient. Funct. Ecol. 35 (2), 342–356. doi: 10.1111/1365-2435.13723

 Weemstra, M., Sterck, F. J., Visser, E. J. W., Kuyper, T. W., Goudzwaard, L., and Mommer, L. (2017). Fine-root trait plasticity of beech (Fagus sylvatica) and spruce (Picea abies) forests on two contrasting soils. Plant Soil 415 (1-2), 175–188. doi: 10.1007/s11104-016-3148-y

 Weigelt, A., Mommer, L., Andraczek, K., Iversen, C. M., Bergmann, J., Bruelheide, H., et al. (2021). An integrated framework of plant form and function: the belowground perspective. New Phytol. 232 (1), 42–59. doi: 10.1111/nph.17590

 Wen, J. H., Tao, H. M., Du, B. M., Hui, D. F., Sun, N. X., Umair, M., et al. (2021). Plantations modified leaf elemental stoichiometry compared to the native shrub community in karst areas, southwest of China. Trees-Structure. Funct. 35 (3), 987–999. doi: 10.1007/s00468-021-02096-w

 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 (6985), 821–827. doi: 10.1038/nature02403

 Yuan, Z. Y., and Chen, H. Y. H. (2010). Fine root biomass, production, turnover rates, and nutrient contents in Boreal forest ecosystems in relation to species, climate, fertility, and stand age: Literature review and meta-analyses. Crit. Rev. Plant Sci. 29 (4), 204–221. doi: 10.1080/07352689.2010.483579

 Yuan, Z. Y., and Chen, H. Y. H. (2012). A global analysis of fine root production as affected by soil nitrogen and phosphorus. Proc. R. Soc. B-Biol. Sci. 279 (1743), 3796–3802. doi: 10.1098/rspb.2012.0955

 Yuan, Z. Y., Chen, H. Y., and Reich, P. B. (2011). Global-scale latitudinal patterns of plant fine-root nitrogen and phosphorus. Nat. Commun. 2, 344. doi: 10.1038/ncomms1346

 Zhang, J. H., He, N. P., Liu, C. C., Xu, L., Yu, Q., and Yu, G. R. (2018). Allocation strategies for nitrogen and phosphorus in forest plants. Oikos 127 (10), 1506–1514. doi: 10.1111/oik.05517

 Zhang, X. Y., and Wang, W. (2015). The decomposition of fine and coarse roots: their global patterns and controlling factors. Sci. Rep. 5, 9940. doi: 10.1038/srep09940

 Zhang, S. B., Zhang, J. L., Slik, J., and Cao, K. F. (2012). Leaf element concentrations of terrestrial plants across China are influenced by taxonomy and the environment. Global Ecol. Biogeograp. 21 (8), 809–818. doi: 10.1111/j.1466-8238.2011.00729.x

 Zhao, N., He, N. P., Wang, Q. F., Zhang, X. Y., Wang, R. L., Xu, Z. W., et al. (2014). The altitudinal patterns of leaf C:N:P stoichiometry are regulated by plant growth form, climate and soil on changbai mountain, China. PloS One 9 (4), e95196. doi: 10.1371/journal.pone.0095196

 Zhao, N., Liu, H. M., Wang, Q. F., Wang, R. L., Xu, Z. W., Jiao, C. C., et al. (2018a). Root elemental composition in Chinese forests: Implications for biogeochemical niche differentiation. Funct. Ecol. 32 (1), 40–49. doi: 10.1111/1365-2435.12938

 Zhao, W. Q., Reich, P. B., Yu, Q. N., Zhao, N., Yin, C. Y., Zhao, C. Z., et al. (2018b). Shrub type dominates the vertical distribution of leaf c : N : P stoichiometry across an extensive altitudinal gradient. Biogeosciences 15 (7), 2033–2053. doi: 10.5194/bg-15-2033-2018

 Zhao, N., Yu, G. R., He, N. P., Wang, Q. F., Guo, D. L., Zhang, X. Y., et al. (2016a). Coordinated pattern of multi-element variability in leaves and roots across Chinese forest biomes. Global Ecol. Biogeograp. 25 (3), 359–367. doi: 10.1111/geb.12427

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

 Zhou, M., Bai, W. M., Zhang, Y. S., and Zhang, W. H. (2018). Multi-dimensional patterns of variation in root traits among coexisting herbaceous species in temperate steppes. J. Ecol. 106 (6), 2320–2331. doi: 10.1111/1365-2745.12977

 Zhu, B. A., Wang, X. P., Fang, J. Y., Piao, S. L., Shen, H. H., Zhao, S. Q., et al. (2010). Altitudinal changes in carbon storage of temperate forests on Mt changbai, northeast China. J. Plant Res. 123 (4), 439–452. doi: 10.1007/s10265-009-0301



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 © 2022 Wu, Wang, Zhu, Wang, Du, Zhu and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-13-897838-g003.jpg
I species diversity and climate and soil

[ climate and soil

species diversity and climate

[ Jsoil

[ species diversity and soil

0
|

I climate

B specics diversity

" S v )
- - (=} (=}

uoneLeA jo e Lioeueidxy

[ _
|

-0.5

6
4

02
0.0

S <
uoneLea jo el Alojeueidxy

IR
=3 < =3 < =3 0.
uoneLeA Jo djel Alojeuejdxyg

ayer

Herb |

Shrub layer

Tree layer





OEBPS/Images/M4.jpg





OEBPS/Images/fpls.2022.897838_cover.jpg
& frontiers | Frontiers in Plant Science

Changes in root chemical
diversity along an elevation
gradient of Changbai
Mountain, China





OEBPS/Images/M2.jpg





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Changes in root chemical diversity along an elevation gradient of Changbai Mountain, China

      

        		

          Introduction

        



        		

          Materials and methods

        

          		

            Study sites

          



          		

            Root and soil sampling

          



          		

            Elemental analysis

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Variations in root chemical traits at the species level

          



          		

            Variations in root chemical traits at the community level

          



          		

            Root chemical diversity variations

          



        



        



        		

          Discussion

        

          		

            Multiple element concentrations in fine roots of different element types and different PFT

          



          		

            Regulation of root chemical traits by PFT, climate, and soil

          



          		

            Chemical diversity and community chemical assembly

          



        



        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls-13-897838-g005.jpg
Rao Q

Species diversity

Tree layer

Residuals =0.053

Species diversity

Shrub layer

Climate
0.004 A‘

Residuals =0.551

Herb layer

C ‘s Oil

Species diversity Residuals = 0.567






OEBPS/Images/fpls-13-897838-g001.jpg
500 1000

Elevation (m)

1500 2000 2500

38 r’=9.156p<o.001

36 1,

34 | i : i

2 | Ll

30p i : b

28 : o

26 - Mg
500 1000 1500 2000 2500

500 1000

Elevation (m)

Log Root element concentration (mg g™')

40 Elevation (m)

' £=0.016 P=0.046
3.6 3
3.2¢ i s !

1500 2000 2500

: ' L

! P ¢

’ Cu
500 1000 1500 2000 2500

Elevation (m)

4.0

1°=0.047 P<0.001

7=0.118 P<0.001

500 1000 1500 2000 2500 2 300 1000 1500 2000 2300 500 1000 1500 2000 2500
Elevation (m) Elevation (m) Elevation (m)
r'=0.055 P<0.001| ;o r=0.294 P<0.00Y 36, , - . .
t bt ) s,
' 32 1 l ! ; E
i | Ly
28 g :
| S
24} } 3 : 1
i : .
. Al

500 1000

Elevation (m)

1500 2000 2500

500 1000 1500

2000

Elevation (m)

1000 1500 2000 2500
Elevation (m)

35} 7=0.042 P=0.00
H
L]
3.0} i ) .
.
i ’ S
- i
1]
200 V8 00
. s ¢
15 Na
1 1 1 1 L 0 n " " i i
500 1000 1500 2000 2500 l 500 1000 1500 2000 2500 500 1000 1500 2000 2500
Elevation (m) Elevation (m) Elevation (m)





OEBPS/Images/fpls-13-897838-g004.jpg
A ?=0.63 P<0.001 015} B =023 B<0.005 009r o ?=0.19 P<0.005
. 3
0.06 .
0.10} 0.06} " .
o o ¢ g :
Q o =1 ] s
2 004 & & .
005t 0.03} 3 $
i
' H
0.02 ® 0.00 0.00 ¥
400 800 1200 1600 2000 400 800 1200 1600 2000 400 800 1200 1600 2000

Elevation (m) Elevation (m) Elevation (m)





OEBPS/Images/M3.jpg
CWV = ST,y (taity - CW)’





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





OEBPS/Images/M1.jpg
Standard Deviation





OEBPS/Images/fpls-13-897838-g002.jpg
*

§

$ o +eet treeC =006 P<029

¢ ¢ == shrub C =034 P<0.01

. ¢ = herb C r=0.17 P<0.01

600 900 1200 1500 1800 2100
Elevation (m)

= tree Ca r'=0.92 P<0.01
shrub Ca r*=0.51 P<0.01

Z4.1

¢ = tree N =062 P<001
shrub N =053 P<0.01
* = herb N r’=0.14 P<0.01

.

*
3

*

2100

600 900 1200 1500 1800

Elevation (m)

¢ = tree P =0.84 P<0.01
shrub P =038 P<0.01

4.2

4.0

ViR
%3.6

34
3.2

3.0

8

¢ = tree Kr’=094 P<0.01
¢ == shrub K r'=0.27 P<0.01

:® herb K #=0.63 P<0.01

900 1200 1500

Elevation (m)

. * e tree Mg r'=0.85 P<0.01
; ¢ e shrubMg £=0.75 P<0.01

1800 2100

*
—— herb Ca =043 P<001 3 ¢ == herbP ’=0.70 P<0.01 34 g . herb Mg r'=0.69 P<0.01
>
*
]
< M an3-2
Sa. T~ . 3
§ : 3.0
*
0> . % ’
$
2.8
$
= 2.6
600 900 1200 1500 1800 2100 600 900 1200 1500 1800 2100 600 900 1200 1500 1800 2100
Elevation (m) Elevation (m) 34 Elevation (m)
36l * ¢ = tree S =0.60 P<0.01 34 ® <.e. tree Al =013 P=0.13 ’ ¢ = tree Fe'=0.71 P<0.01
. . * = shrub$ r’=0.61 P<0.01 : ¢ ¢ = shrub Al =0.10 P<0.01 ¥ ¢ = shrubFer’=0.15 P<0.01
. o —— herb$S r’=026 P<0.01 ¢ = herb Al £/=0.14 P<0.01 32 ¢ = herbFer’=035 P<0.01
340 32 H
s
» =
§ B 53.0
0 3.0 O
2.8
2.8
2.6
2.6
& " " — . PR | 2'4 . v - " " " " " " i " .
600 900 1200 1500 1800 2100 600 900 1200 1500 1800 2100 600 900 1200 1500 1800 2100
Elevation (m) Elevation (m) Elevation (m)
3.0 3.0, 2.6
b ¢ = tree Na r'=0.64 P<0.01 ¢ = tree Zn £=0.72 P<0.01
33 ¢ —— shrubNa £=0.62 P<0.01 2.8 ‘ * 1 24 ¢ = shub Zn r'=027 P<0.01
’ H ¢ —— herbNa £=0.21 P<0.01 : . % = hebZwrokis. P00l
2.6 22, M
2.6 ~ . ~ s ; s S
3 S24) . F20 i g
g
§ 24 22 o : : § 18
@] (@]
232 2.0 3 1.6 H
. & . °
5 1.8 l ¢ e=——tree Mn r°=093 P<0.01 1.4 ¢
2.0 R ¢ ——shmb Mn £=0.61 P<001 .
. 1.6 ¢ ———herb Mn r’=0.91 P<0.01 13
1.8 - - - — — — — ~ — — - — - —
600 900 1200 1500 1800 2100 600 900 1200 1500 1800 2100 600 900 1200 1500 1800 2100
Elevation (m) Elevation (m) Elevation (m)
1.5f ¢ = tree Cu r’=0.58 P<0.01
¢ = shrub Cu r'=0.40 P<0.01
1.4 s e .+« herbCu r=0.002 P=0.71
13
5 12
§ 1.1
V1.0
0.9
0.8
0.7

900 1200 1500

Elevation (m)

1800 2100






OEBPS/Images/table1.jpg
Forest

type

Site
Elevation
(m)
MAT (°C)
MAP
(mm)
STN (mg
g")

STP (mg
g")

SAN (mg
kg™)
SAP (mg
kg")

pH

Tree plot

number

Shrub plot
number
Herb plot
number
Tree
species
number
unique
species
Dominant
tree
species

Shrub
species
number
unique
species
Dominant
shrub
species

Herb
species
number
unique
species
Dominant
herb
species

MAT, mean annual temperature; MAP, mean annual precipitation; SAN, available soil nitrogen; SAP, available soil phosphorus; STN, total soil nitrogen;

Broad-
leaved
forest (BL)

Site A
540

29
632

7.39
1.54
81.65
18.18

531

20

Fraxinus
mandshurica
Rupr.,
Juglans regia
Linn.

22

11

Philadelphus
incanus
Koehne,

Euonymus

alatus (Thunb.)

Sieb.,
Spiraea

chamaedryfolia

Linn.,
Corylus
mandshurica
Maxim.

43

29

Meehania
urticifolia

(Miq.) Makino,

Athyrium

sinense Rupr.,

Aegopodium

alpestre Ledeb.

Mixed coniferous
broad- leaved
forest (MCB)

Site B
753

2.6
691

4.92
1.36

70.73

16
16

24

15

Fraxinus mandshurica
Rupr.,

Pinus koraiensis Siebold
et Zuccarini.,
Quercus mongolica
Fischer ex Ledebour.

15

Philadelphus incanus
Koehne,
Deutzia scabra Thunb.

36

22

Cardamine leucantha
(Tausch) O. E. Schulz,
Meehania urticifolia
(Miq.) Makino,
Athyrium brevifrons
Nakai ex Kitagawa

Dark-coniferous
spruce-fir forest
(DCF)

Site C
1286

0.3
811

0.78
0.42
40.81

17.7

523

Pinus koraiensis Siebold
et Zuccarini.,

Picea jezoensis Carr. var.

microsperma (Lindl.)
Cheng et L. K. Fu,
Larix olgensis Henry.

11

Lonicera caerulea Linn.
var. edulis Turcz. ex
Herd,,
Lonicera praeflorens
Batal.

Carex forficula Franch. et

Sav.,
Linnaea borealis Linn.,

Pyrola incarnata Fisch. ex

DC.

Dark-coniferous spruce forest (DCS)  Ermans
birch forest
(EB)
Site D Site E
1812 2008
23 33
967 1038
379 271
093 051
70.7 61.08
92 546
5.03 5.02
4 4
17 24
16 16
8 2
3 0

Larix olgensis Henry., Larix gmelinii (Ruprecht)  Betula ermanii

Kuzeneva., Picea jezoensis Carr. var. microsperma Cham.
(Lindl.) Cheng et L. K. Fu.
8 8
4 9
Ribes burejense Fr. Schmidt., Rhododendron

Lonicera caerulea Linn. var. edulis Turcz. ex aureum Georgi

Herd.
28 19
16 13
Mitella nuda Linn., Deyeuxia
Deyeuxia langsdorffii (Link) Kunth, langsdorffii
Viola hamiltoniana D.Don, (Link) Kunth,
Oxalis corniculata Linn., Linnaea

Carex pilosa Scop. borealis Linn.

Alpine
tundra
(AT)

Site F
2357

-4.8
1154

22
04
49.67
7.07

5.14

18

16

Vaccinium
uliginosum
Linn.,
Rhododendron
redowskianum
Maxim.

Deyeuxia

langsdorffii
(Link) Kunth

'P, total soil phosphorus.





OEBPS/Images/M5.jpg
Simpson = 1~ 77





