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The multidimensionality of leaf traits allows plants to have diverse survival strategies to adapt to complex living environments. Whether the anatomical traits of leaves are associated with leaf economic traits and which group of traits are more strongly correlated with soil fertility factors remains unclear. We measured four leaf economic traits, four anatomical traits, and five soil fertility factors of eight coexisting broadleaf species distributed in mixed broadleaved-Korean pine (Pinus koraiensis) forests located in Northeast China. Results show a strong interdependence between economic and anatomical traits (p < 0.05). The range of variation between economic and anatomical traits were almost equal, but the causes of variation were different. Specific leaf area was positively correlated with the abaxial epidermis, negatively correlated with the ratio of spongy tissue to leaf thickness (ST/LT), and not correlated with adaxial epidermis. Leaf dry matter content was negatively correlated with the abaxial epidermis and adaxial epidermis, positively correlated with ST/LT. Specific leaf area, palisade tissue, and ST/LT showed stronger correlation with soil fertility factors than other traits. Soil fertility factors dominating trait variation were dependent upon the trait. Our results suggest anatomical traits can be considered in economic trait dimension. The coupled relationship between anatomical and economic traits is potentially a cost-effective adaptation strategy for species to improve efficiency in resource utilization. Our results provide evidence for the complex soil-trait relationship and suggest that future studies should emphasize the role of anatomic traits in predicting soil fertility changes.
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1. Introduction

Plant leaf functional traits, specifically traits related to leaf persistence such as light capture and gas exchange, are important indicators in identifying plant life history strategies and predicting community assembly (Valladares and Niinemets, 2008; Terashima et al., 2011; Liu C. C. et al., 2020; Ni et al., 2022). Many studies have shown that traits vary along certain dimensions (Wright et al., 2007; Li et al., 2015; Liu C. C. et al., 2019; Yang Y. Z. et al., 2019). For example, the leaf economics spectrum dimension, represented by the negative correlation between specific leaf area (SLA), leaf nitrogen content (LN) and leaf lifespan, is the balance between plant leaf resource acquisition (higher SLA, LN but shorter leaf lifespan) and conservation (lower SLA, LN but longer leaf lifespan) (Wright et al., 2004); In recent years, anatomical traits [e.g., adaxial and abaxial epidermis (AD; AB) and palisade tissue (PT)] attracted more attention from ecologists (Chen and Wang, 2009; Santos et al., 2015), because of the critical role in light absorption and gas exchange capacity of a leaf (Evans et al., 2009; Kröber et al., 2014; Ni et al., 2022). In this dimension, thinner epidermal thickness and thicker PT tend to allow deeper light penetration and faster gas diffusion rates (Verboven et al., 2015). However, the relationship between these two trait dimensions and their response to soil fertility remains unclear.

Relationships between leaf economic and anatomical traits have been examined at the species and community level. Coble and Cavaleri (2017) reported a positive correlation between PT and leaf mass per area (the reciprocal of the SLA) in sugar maple. Liu C. C. et al. (2019) found AB was negatively correlated with leaf dry matter content (LDMC) and reported a weak correlation between anatomical and economic traits in temperate and subtropical forests. Several of the relevant studies are limited when exploring the correlation between individual traits. The correlation between anatomical and economic traits has rarely been verified, especially for co-existing species in the same forest type at a regional scale.

The correlation between soil fertility factors and leaf traits reflects the trade-off between plant growth and nutrient conservation (Liu Z. L. et al., 2020). However, which groups of functional traits are strongly associated with soil fertility gradients remains unclear (Wright et al., 2005; Maire et al., 2015; Stark et al., 2017; Peng et al., 2018). Leaf economic traits, such as SLA, are considered good predictors of soil fertility. Hodgson et al. (2011) studied the correlation between economic traits and soil fertility and found SLA had a better response to soil fertility than other traits. Widely accepted is Westoby’s (1998) conclusion that SLA is good indicator of soil fertility (Laughlin et al., 2010; De Frenne et al., 2011). Therefore, economic traits may have a stronger correlation with soil fertility factors. Anatomical traits are often reported as being closely related to the acquisition and utilization of light. PT can affect photosynthetic efficiency by regulating chloroplast content (Terashima et al., 2011; He et al., 2017) and sponge tissue can affect light density in leaves by regulating intercellular spaces (Kröber et al., 2014). Thus, anatomical traits may be more correlated with environmental factors significantly affecting the composition and structure of leaf cells and intercellular air space.

Soil fertility clearly influences the variation of leaf traits, but which soil fertility factors dominates the trait variation is unclear (Chartzoulakis et al., 2002; Ordoñez et al., 2009; Maire et al., 2015). Soil pH is closely related to soil mineralogical composition and can significantly affect the distribution of nutrients in soil (Uehara and Gilman, 1981; Quesada et al., 2010), and ultimately lead to changes in relative above-ground biomass (Zheng and Ma, 2018). Nutrient elements in the soil, which are important source of organic compounds for plants, significantly affect the variation in plant traits (Fan et al., 2015; Yang D. X. et al., 2019). Plants adapted to low soil fertility environments usually build leaves adapted to lower respiratory carbon and water loss, e.g., higher LDMC but lower LN (Ordoñe et al., 2010; Jager et al., 2015; Lin et al., 2020). In addition, soil water content (SWC) affects the efficiency of plant nutrient and water uptake and utilization by affecting soil microbial viability and root development (Liu et al., 2010; Liu C. et al., 2019). The response of plants to soil gradient is related to the cause and extent of trait variation (Funk, 2008; Siefert and Ritchie, 2016; Zhou et al., 2018). A wider range of intraspecific traits variation is thought to provide plants with greater access to limiting resources (Lin et al., 2020). da Silveira Pontes et al. (2010) found trait plasticity regulates plant responses to nitrogen enrichment in grasslands. Ishii et al. (2018) found plants with higher intra-individual plasticity had greater acclimation potential to environmental perturbation. Therefore, intraspecific traits variation should be considered when predicting the response of plant to soil fertility gradients.

In this study, we selected eight coexisting broadleaf species as target species, as they are dominant and commonly associated with the distribution of mixed broadleaved-Korean pine (Pinus koraiensis) forests in Northeast China (Wang, 1994). Eight leaf traits (including four leaf economic traits and four anatomical traits) and five soil fertility factors were measured. The variation in soil fertility factors in the study area provide an ideal setting for testing soil fertility-trait relationships. We sought to answer the following questions: (1) what is the relationship between economic and anatomical traits? We hypothesize that there should be coupling relationship between economic traits and vein traits. (2) Which group of functional traits are more strongly associated with soil fertility gradients? We hypothesize that economic traits would show a stronger correlation with soil fertility than vein traits. (3) Which soil fertility factor dominates leaf trait variation? We hypothesize that soil nutrient may dominate traits variation.



2. Materials and methods


2.1. Sample design

Our study sites are distributed in the mixed broadleaved-Korean pine forests in Northeast China (Wang, 1994; Supplementary Table 1). Within each site, we selected eight coexisting broadleaf species in mid-July to August (Supplementary Table 2). Leaf sample collection for each species took place in south facing slopes with similar slope degrees. Three trees with similar tree height (measured by tree altimeter) and diameter at breast height were selected. Information for the sampled trees is shown in Supplementary Table 2. We cut 6 branches beginning at the first living branch to the top of the tree: upper south and north, middle south and north, lower south and north. In each sampling unit, 5 healthy and fully expanded leaves were selected to measure SLA and LDMC, and five leaves were selected to be fixed in a buffered formalin-acetic acid-alcohol fixation solution (70% ethanol: formalin: glacial acetic acid = 90: 5: 5) to measure anatomical traits, e.g., AB, AD, PT, and spongy tissue (ST). Totally, we collected 180 leaves to measure SLA, LDMC and anatomical traits for each tree species. Additionally, 10–20 leaves were used to measure LN and leaf phosphorus content (LP) (Table 1). Soil samples were collected for each sample tree. We removed the leaf litter and then collected soil samples at 0–10 cm depth, with three replicates. The three subsamples were then mixed together, stored in vacuum plastic bags and transported to the lab.


TABLE 1    Information of eight leaf functional traits for all species.
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2.2. Leaf trait measurements

For each sampled leaf, we used a micrometer to measure the non-main vein three times and then took the average value of the leaf thickness (precision: 0.01). We then measured fresh leaf mass (precision: 0.0001 g) and scanned leaf area (precision: 0.01 cm2; BenQ Corporation, Suzhou, China, 300 dpi resolution). After, we oven-dried the leaves to a constant weight (65°C, at least 72 h) and measured the mass (precision: 0.0001 g). SLA (cm2 g –1, SLA = leaf area/leaf dry mass) and LDMC (g g–1, LDMC = leaf dry mass/fresh mass) were then calculated. We used a pulverizer to grind all the leaves into powder and oven-dried them. We then measured LN [mg g–1, Hanon K9840 auto-Kjeldahl analyzer (Jinan Hanon Instruments Co. Ltd., Jinan, China)] and LP [mg g–1, molybdenum blue colorimetric method, AQ2 automatic discontinuous chemical analyzer (SEAL Analytical, Inc., Mequon, WI, USA)] after digested with H2SO4-H2O2.

To measure anatomical traits, we first progressively dehydrated the leaves with ethanol series (70, 85, 95, and 100%) and then infiltrated them with warm paraffin. We obtained the leaf sections (7 μm) using a rotary microtome (KD-2258, Zhejiang, China). We then stained (Safranin and Fast Green), mounted and sealed (neutral glue) the leaves to take photographs. We used a light microscope (Olympus Electronics, Inc., Tsukuba, Japan) to measure AB, AD, PT, and ST [by using electronic image analysis equipment (cellSens Standard 1.11 software, Olympus Electronics Inc., Tsukuba, Japan)]. The ratio of spongy tissue to leaf thickness (ST/LT) was calculated by dividing the ST by the LT.



2.3. Soil factors measurements

After measuring soil samples for SWC [g g–1, oven-drying method (Liu Z. L. et al., 2020)], we dried the soils and measured soil pH (HANNAPH2l1 pH meter), soil total carbon [mg g–1, multiN/C3000 (Analytic Jena AG, Jena, Germany)], soil total nitrogen [mg g–1, Hanon K9840 auto Kjeldahl analyzer (Jinan Hanon Instruments Co. Ltd., Jinan, China)] and soil total phosphorus (mg g–1, molybdenum blue colorimetric method).



2.4. Statistical analysis

We used principal component analysis (PCAs) to determine the multivariate associations of leaf traits (PCAs) in R 3.4.2 (R Core Team, 2017). Eight leaf traits of eight species from three sites were input in the PCA. The first principal axis values of economic and anatomical traits were used to analyze the correlation between the two groups of traits (Li et al., 2015). For eight leaf traits, we used “lme” function in the “nlme” package to fit a linear mixed model (nested levels: leaf, direction, canopy, tree, and site). The “varcomp” function in the “ape” package was used to calculate the variance components associated with the nested level. The correlation between economic and anatomical traits, the correlation between the two sets of traits, and the correlation of soil fertility factors were analyzed using Pearson correlation analysis. General linear model was used to estimate responses of the eight leaf traits to soil fertility factors. We calculated the variance inflation factor (VIF) between every two bivariate independent variables in the model to prevent collinearity from affecting model accuracy (Supplementary Table 3). VIF was all less than 10, indicating no issues with collinearity (Dormann et al., 2013).




3. Results

The first two axis described 55.9% of the total variance (Figure 1A and Supplementary Figure 1). The first PCA axis (PC1) explained 33.5% of the variance and showed strong loadings from SLA and LDMC. The second PCA axis (PC2) explained an additional 22.4% of the variance and showed strong loadings from AD, AB, and ST/LT (Figure 1A and Table 2). Covariation occurred between the PC1 scores of leaf economics traits and anatomical traits (p < 0.05). The covariation further confirmed anatomical traits could be assigned to economic traits (Figure 1B).
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FIGURE 1
Principal component analysis (PCA) of eight leaf traits of eight species. (A) Biplot of the first two principal components loaded by trait variables. Arrows represent the principal component loadings associated with the leaf traits. The proportion of the total variation explained by the first two components is shown in parentheses next to the axis label. (B) The bivariate relationships between PC1 scores of economic trait and anatomical traits. All traits were log-transformed before analysis. Leaf trait abbreviations are provided in Table 1.



TABLE 2    Principal component analysis (PCA) results for the eight leaf traits.
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The variation range of economic traits (17–30%) and anatomical traits (18–29%) was similar but the causes of trait variation were different. Intraspecific factors (tree + canopy + direction) explained most of the variation in economic traits (34–65%); while interspecific factors (species + site) explained most for most of the variation in anatomical traits (55–71%) (Figure 2). For economic traits, among the three intraspecific factors, direction explained the most trait changes in SLA, LN, and LP, followed by canopy. For LDMC, canopy explained the most trait variation followed by direction. For anatomical traits, tree species explained the most trait variation (Figure 2). We observed a significant correlation between economic traits and anatomical traits except for SLA vs. AD (p < 0.05; Figure 3). SLA was negatively correlated with AD and positively correlated with ST/LT. LDMC was positively correlated with AD and AB and negatively correlated with ST/LT (Figure 3).


[image: image]

FIGURE 2
Variance partitioning of the full nested linear models on four economic traits and four anatomical traits across five nested ecological scales. The number in brackets above the graph is the overall variation coefficient (%) of this trait. The 50% thresholds are given by a dashed line. Leaf trait abbreviations are provided in Table 1.
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FIGURE 3
Pearson’s correlations between economic traits and anatomical traits. The solid line indicates that the correlation between leaf traits and soil fertility factor is significant at the 0.05 level. Slope and correlation significance in each figure were calculated at the interspecific level. (A–C) The relationship between SLA and AB, AD, ST/LT; (D–F) the relationship between LDMC and AB, AD, ST/LT.


Significant correlations occurred between most economic and anatomical traits and soil fertility factors (p < 0.05; Figures 4, 5). For economic traits, SLA was significantly correlated with five soil fertility factors. Other economic traits were not correlated with soil fertility factors, with the exception of LDMC vs. pH and STN, LN vs. pH and SWC, LP vs. STP and SWC (Figure 4). For anatomical traits, AB was significantly correlated with STN and pH, and AD was significantly correlated with STN and SWC, PT and ST/LT were significantly correlated with soil fertility factors except PT vs. pH and ST/LT vs. SWC (Figure 5).
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FIGURE 4
Correlation between soil fertility factors and economic traits. The solid line indicates that the correlation between leaf traits and soil fertility factor is significant at the 0.05 level. Slope and correlation significance in each figure were calculated at the interspecific level. (A–D) The relationship between STC and economic traits; (E–H) the relationship between STN and economic traits; (I–L) the relationship between STP and economic traits; (M–P) the relationship between soil pH and economic traits; (Q–T) the relationship between SWC and economic traits.
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FIGURE 5
Correlation between soil fertility factors and anatomical traits. The solid line indicates that the correlation between leaf traits and soil fertility factor is significant at the 0.05 level. Slope and correlation significance in each figure were calculated at the interspecific level. (A–D) The relationship between STC and anatomical traits; (E–H) the relationship between STN and anatomical traits; (I–L) the relationship between STP and anatomical traits; (M–P) the relationship between soil pH and anatomical traits; (Q–T) the relationship between SWC and anatomical traits.


Soil fertility factors had stronger effects on anatomical traits compared to economic traits (Table 3). For economic traits, STN significantly affected SLA and LDMC. STP and SWC significantly affected SLA and LP. pH significantly affected SLA, LDMC, and LN (Table 3). For anatomical traits, STC significantly affected PT. STN affected all anatomical traits except AB. STP affected all anatomical traits except AD. pH significantly affected AB and PT, and SWC affected all anatomical traits (Table 3).


TABLE 3    The influence of five soil fertility factors on economic and anatomical traits by using a General linear model (GLM).
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4. Discussion


4.1. Relationships between economic traits and anatomical traits

We found a strong interdependence between economic traits and anatomical traits in mixed broadleaved-Korean pine (P. koraiensis) forests (Figure 1). Our results support the first hypothesis. The coupled correlations are potentially a more cost-effective adaptation strategy for species to improve resource utilization efficiency (Yin et al., 2017; Liu C. C. et al., 2020). Our study is consistent with the findings of Liu C. C. et al. (2019). The leaf economic trait axis showed strong loadings from SLA and LDMC. This describes a shift from higher leaf dry-mass investment efficiency and lower moisture diffusion resistance to lower leaf dry-mass investment efficiency and higher moisture diffusion resistance (Wilson et al., 1999; Wright et al., 2004). Leaf anatomical trait axis showed strong loadings from AB, AD, and ST/LT. This describes the co-variation of leaf mechanical stability and gas exchange rate. Anatomical traits are often considered to be important indicators of photosynthesis (Terashima et al., 2011; Coble and Cavaleri, 2017). Leaf photosynthesis is constrained by economic traits because high photosynthetic rates need efficient water supply and thus higher dry-mass investment (for example, to build a vein structure) (Sack and Scoffoni, 2013). Therefore, coupling between leaf construction costs and leaf photosynthesis might drive the coordination of plant economic and anatomical traits.

The range of intraspecific variation of economic traits and anatomical traits was almost equal, but the causes of intraspecific variation were different (Figure 2). For economic traits (except LDMC), intraspecific factors explain most of the trait variation. Among intraspecific factors, direction explained the most trait variation (22–37%, Figure 2), indicating these traits were highly responsive to light variation (Coble et al., 2017). For anatomical traits, interspecific factors explain most of the trait variation. Among interspecific factors, tree species explained most of the variation (48–71%, Figure 2), suggesting anatomical traits were less influenced by microclimate factors and more influenced by leaf construction traits or large-scale environmental factor variation. The target tree species selected for our study have a wide range of shade tolerance. The significant effect of shade tolerance on anatomical traits supports the results of Zhang et al. (2019). In addition, mycorrhizal differences between tree species may also be the cause of trait variation, because different mycorrhizal tree species may adapt to different soil nutrients (e.g., arbuscular mycorrhizal species tend to be adapted to areas with fertile soil; while ectomycorrhizal species tend to be adapted to areas with infertile soil) (Phillips et al., 2013; Mao et al., 2019). Our results suggest when examining the effects of intraspecific variation on traits, the causes of intraspecific variation should be considered.

Significant correlations between economic and anatomical traits reflect trade-offs between plant leaf construction cost and photosynthetic capacity (Supplementary Figure 2). SLA was positively correlated with AB (Figure 3A). SLA reflects the light-capturing ability of the leaf (Wright et al., 2004) and AB reflects the ability to reduce the reflection of scattered light (Liu C. C. et al., 2019). Therefore, higher AB corresponds to a higher SLA and may signify the adaptation of plants to low light environment. SLA was negatively correlated with ST/LT (Figure 3C). This trade-off was also found at the intraspecific level in large-scale environments (Liu C. C. et al., 2019). For leaves, a higher ST/LT represents a higher proportion of ST and a higher ST is beneficial for leaves to better utilize scattered light (Terashima et al., 2011; Kröber et al., 2014). This may be the reason for the negative correlation between ST/LT and SLA. With the increase of LDMC, AB and AD decrease but ST/LT increases (Figures 3D–F). LDMC is an indicator of leaf moisture content. The increase in LDMC prompted a decrease in intercellular space and water content but increase in dry matter mass per volume (Wilson et al., 1999; Shipley and Vu, 2002). The thicker epidermis helps increase radiation intensity inside the leaf and reduce mechanical damage from herbivores and wind (Thomas and Winner, 2002). The negative correlation between LDMC and the epidermis may be a trade-off between nutrient accumulation and protection. Higher LDMC corresponds to higher ST/LT, which may be an adaptive strategy for plants to maintain minimum water content and maximize light absorption.



4.2. Economic and anatomical traits show specific responses to soil fertility

The results showed that the response of economic and anatomical traits to soil fertility was different, and the main driving factors of trait variation depended on the trait, which may be related to the potential tradeoff between leaf light capture and water conduction. Our results do not support the second and third hypotheses.

For economic traits, SLA demonstrated a stronger correlation with soil fertility factors than other economic traits (e.g., LDMC, Table 3). This supports the findings from Laughlin et al. (2010) and De Frenne et al. (2011), who suggested SLA can better predict soil fertility than other traits. The correlation between SLA and soil nutrients in our study (Figures 4A, E, I) were inconsistent with previous research results (Ordoñez et al., 2009; Maire et al., 2015). This may be attributed to the sampling site location in northeast China. The northeastern Chinese climate may affect the correlation between SLA and soil nutrients factors (Simpson et al., 2016). We also found a negative correlation between LDMC and STN, suggesting the preservation of more organic matter in leaves from infertile soil is of great significance for plant survival (Jager et al., 2015). In addition, past studies report soil nutrients usually correspond to leaf nutrient content, such as low LP was often found in low soil P environment (Ordoñez et al., 2009; Fan et al., 2015). The correlation between LP and STP in our study also fit into this framework (Figure 4L), however, no such relationship was found between other leaf nutrients and soil nutrient factors. The negative correlation between LP and SWC supports the results of Ordoñez et al. (2009) and Maire et al. (2015). The area with high soil moisture is also relatively high in soil P due to leaching, thus corresponding higher LP. We also found a positive correlation between LN and SWC (Wright et al., 2003), which may be because in arid areas, lower LN was beneficial to reduce photosynthetic water consumption and provide a conservative survival strategy for plants (Wright et al., 2005). Similar correlations were not found between SLA and SWC (Figure 4Q), which may be due to the large difference in shade tolerance of the selected tree species in our study. In addition, higher pH often implies higher nutrient utilization efficiency and usually corresponds to higher SLA, LN and lower LDMC. However, our results were contrary to this and may be due to the lower precipitation levels of our sampling area. Additionally, soil pH was more related to non-climatic factors, such as topography (Jenny, 1941), thus showing contrary results.

For anatomical traits, ST/LT and PT were positively correlated with STC, STN, and STP, while AB and AD were negatively correlated with STN. Soil nutrients, aboveground biomass, and canopy cover increase while the light density decreases (Hautier et al., 2009; Lin et al., 2020). Thicker PT and ST can contain more chloroplasts and have larger intercellular spaces (Mendes et al., 2001; Terashima et al., 2011; He et al., 2017). Thinner epidermis allows for facilitated CO2 diffusion within a leaf (Verboven et al., 2015), thereby optimizing photosynthesis to adapt to low light environment. Plants tend to choose the quick-return strategy in lower pH soils. A thicker AB helps to reduce reflected light (Liu C. C. et al., 2019) and a larger ST/LT can improve the gas transport efficiency, both of which support rapid resource acquisition by plants (Verboven et al., 2015). Lower AD and PT correspond to soil with lower water content (Figures 5R, S). Leaves building smaller cells to maintain turgor may be a survival strategy against drought (Li et al., 2011), such results are also found in herbs and shrubs (He et al., 2017). Furthermore, we emphasize the importance of PT and ST/LT in predicting soil fertility due to the strong correlation between these two anatomical traits and soil fertility factors (Figure 5). This result may be related to the close relationship between these two traits and SLA, as SLA can be explained by the inverse of leaf thickness and leaf density (Poorter et al., 2009). Intercellular space size determines leaf thickness, while PT thickness determines leaf density (Sack et al., 2013; Onoda et al., 2017). Therefore, PT and ST/LT show a stronger response to soil fertility than epidermal thickness.




5. Conclusion

Our results clearly show a coupling relationship between economic and anatomical traits. We found difference in the causes of trait variation. Relative to economic traits, SLA had a stronger correlation with soil fertility than other traits. Relative to anatomical traits, PT and ST/LT had a stronger correlation with soil fertility than other traits and the main soil fertility factors driving the variation was dependent on traits. Our results provide a new perspective for understanding the correlation between leaf traits and soil fertility factors.
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Leaf traits Abbrev Unit Mean SE Cv Max Min
Specific leaf area SLA cm? g~} 185.41 2.63 0.29 447.38 95.95
Leaf dry matter content LDMC gg! 0.34 0.00 0.15 0.47 0.22
Leaf nitrogen content LN mgg~! 33.82 0.17 0.10 44.17 23.83
Leaf phosphorus content LP mgg~! 1.60 0.02 0.31 3.57 0.67
Abaxial epidermis thickness AB pm 11.50 0.09 0.17 18.34 6.44
Adaxial epidermis thickness AD pm 15.69 0.16 0.22 25.55 10.20
Palisade tissue PT pm 15.44 0.19 0.25 30.20 6.60
Spongy tissue/Leaf thickness ST/LT % 65.60 0.92 0.29 123.17 25.65
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STC STN STP Soil pH SWC Intercept

Estimate | p-value | Estimate @ p-value | Estimate @ p-value | Estimate | p-value | Estimate | p-value | Estimate | p-value

Std. Std. Std. Std. Std. Std.

Economic traits SLA 0.182 0.132 —2.546 0.048* —25.771 0.027* —7.824 0.007** —62.19 0.045* 281.857 <0.001*
LDMC 0 0.14 —0.004 <0.001** 0.003 0.805 0.011 <0.001** 0.024 0.395 0.311 <0.001*
LN —0.007 0.384 0.078 0.354 —1.383 0.071 —0.426 0.024* 3.583 0.078 35.753 <0.001***
Lp 0.001 0.52 0.011 0.322 0.333 0.001** 0.021 0412 —1.427 <0.001*** 1.495 <0.001***
Anatomical traits AB 0.001 0.52 0.011 0.322 0.333 0.001** 0.021 0.412 —1.427 <0.001*** 1.495 <0.001*
AD 0.012 0.105 —0.339 <0.001** —0.144 0.842 0.364 0.041* 6.787 <0.001** 14.057 <0.001*
PT —0.16 <0.001*** 2.571 <0.001*** 9.434 0.016* —0.204 0.832 29.663 0.004** 33,516 <0.001***

ST/LT 0.012 0.103 0.217 0.008** 3.139 <0.001*** 1.312 <0.001*** —4.792 0.015* 3.366 0.006**

Estimated std. is the standardized regression coefficient. *p < 0.05, **p < 0.01, ***p < 0.001. Leaf traits abbreviations are provided in T 1. STC, soil total carbon; STN, soil total nitrogen; STP, soil total phosphorus; soil pH, soil pH; SWC, soil water content.
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Eigenvalue 2.68 1.79
Variation explained 33.50% 22.40%
(%)
Interpretation of axis Economic traits Anatomical traits
SLA 0.52 0.23
LDMC —0.46 0.11
LN 0.37 0.05
Lp 0.15 —0.24
AB 0.29 —0.52
AD 0.21 —0.59
PT —0.36 —0.19
ST/LT —0.31 —0.48

For each axis, the eigenvalues, proportion of variance explained and the loading scores of

each trait on the first two components are provided. Trait abbreviations are provided in
Table 1. | eigenvectors| > 0.4 are in bold.
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