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Abstract

:

In mountain areas, the distribution of plant communities is affected by both regional and microhabitat conditions. The degree to which these different spatial factors contribute to plant communities is not well understood, because few studies have used a uniform sampling methodology to measure trait variation across the range of ecological scales. In this study, a stratified sampling method was used to study community weighted leaf traits and environment factors at different spatial (transect and plot) scales. We measured 6 leaf traits (specific leaf area, leaf tissue density, leaf thickness, leaf carbon, nitrogen and phosphorus content) in 258 communities from 57 sites in 9 transects nested within 3 vegetation zones. These communities are located in the loess hilly and gully area of the Yanhe river watershed. We coupled climatic factors at the transect scale with topographic and edaphic factors at the plot scale using multilevel regression modeling to analyze the trait variation associated with spatial scales. At the transect scale, the mean annual rainfall showed a highly significant positive effect on the leaf nitrogen concentration (LNC) (p < 0.01), while it had a highly significant negative effect on leaf thickness (LT) and leaf tissue density (LTD) (p < 0.001) and a significant negative effect on leaf carbon concentration (LCC) (p < 0.05), explaining 10.91%, 36.08%, 57.25% and 66.01% of LTD, LT, LCC and LNC variation at transect scale respectively. At a plot scale, the slope aspect showed a highly significant positive effect on specific leaf area (SLA) and LNC but a highly significant negative effect on LT and LTD. The soil water content had a significant negative effect on LT (p < 0.05) and LTD (p < 0.001) while soil organic matter showed a positive effect on SLA (p < 0.001) and LNC (p < 0.01). Totally, plot scale variables explained 7.28%, 43.60%, 46.43%, 75.39% and 81.17% of LCC, LT, LNC, LTD and SLA variation. The elevation showed positive effect only on LCC (p < 0.05). The results confirmed the existence of consistent trait–environment relationships at both transect and plot scales. These trait–environment relationships at different spatial scales will provide mechanistic understanding on the vegetation community assembly in the study area. Practically, ignoring trait variation within transects will underestimate roles of microhabitat filters in community assembly, and leads to the homogenization of restoration species. This will be like the past restoration plans and programs, causing serious environmental problems such as dwarf trees and soil desiccation.
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1. Introduction


Environmental filtering, one of the key community assembling processes, constrains species establishment through selection on functional traits [1,2]. During this process, habitats act as filters removing species lacking trait attributes for persisting under a given environment [3]. As a result, co-occurring species in a given habitat are assumed to exhibit similar ecological strategies and share similar traits [1,3,4], i.e., that environment filtering leads to the trait convergence of co-occurring species and thus shapes the community structure in a particular habitat [5,6]. Investigating trait–environment linkages or consistent associations between sets of plant attributes and certain environmental conditions would provide insights into the mechanisms of species coexistence and species distribution [3].



Spatially, multiple environmental filters exist and they may operate at a hierarchy of scales [5]. At the regional and global scales, many studies have demonstrated strong correlations between leaf-level traits and climate gradients across large spatial scales [7,8,9,10,11]. However, these correlations may not be consistent at smaller scales. Some studies indicated that the relationship between leaf-level traits and climate gradients may be weaker [12] or non-existent [13] at smaller scales while some studies indicate that the processes at smaller scales may be of equal or greater importance in determining the trait variation [1,14]. These uncertainties in correlations between leaf traits and environment conditions may underestimate the roles of small scale filters in community assembly [14], thus preventing the investment of restoration and management efforts in right scales.



In mountainous areas, the situation can be more complicated. Topographic heterogeneity creates a wide variety of habitats, and is one of the most important determinants of plant species diversity in these areas [15,16,17,18]. Even within short distances, the topographically complex terrain can create a mosaic of diverse microclimates, and exert strong effects on plant species diversity and trait variation [19]. A study by Bergholz showed that environmental heterogeneity at a relatively fine scale (1 m2) still has important filtering effect on traits (trait convergence) and influence the species assembly [20]. However, the environmental filters at different spatial scales don’t affect the assembling process independently but act in a hierarchy way [3,21]. Regional climate may act as a first level filters and the topography induced microhabitat act as the second level filters [3]. For example, in the loess hilly and gully area of China, the vegetation distribution is mainly controlled by regional climate pattern. Zou classified the vegetation in this region into forest zone, forest-steppe zone and steppe zone according to rainfall and temperatures changes [22]. However, topographic changes in this region also result in a wide variety of habitats, which enable the persistence of some tree and shrub species in gullies and lower slopes in steppe and forest-steppe zones while some herb communities may develop in mountain tops in forest zone. So the vegetation pattern in this area is characterized by a mosaic of zonal vegetation (filtered by regional climate) and azonal vegetation (filtered by microhabitat) [23,24]. Unfortunately, the filtering effect of local microhabitat filters on the community assembly is not well understood because few studies explore the existence of consistence of trait–environmental relationships at micro scale in this region. Most of the restoration plans and management decisions are still based on the vegetation zoning map [25], although it has led to serious environmental problems such as dwarf trees and soil desiccation [25,26].



Solving this problem is challenging since few studies have used a uniform sampling methodology to measure trait variation across the range of ecological scales [14]. Moreover, when scaling up, the hierarchy structure of the ecological data make it difficult to use the traditional multiple linear model to describe the relationship between traits and environmental factors across ecological scales [27]. In these situations, the spatial autocorrelation and hierarchy of ecological data are usually overlooked. This has contributed to additional uncertainty in determining linkages between plant traits and environment conditions [28,29]. Fortunately, the recent use of multilevel models in ecology provides a solution to this problem. These models give adequate consideration to the spatial autocorrelation and hierarchy of ecological data, have a more subtle decomposition for the error term to separate the variation between groups and within groups, and help explain the relative variation at various levels of the observed values [30].



So, to quantify the contributions of environmental factors at different scales to trait variation and incorporate constrains of local environmental filters into restoration planning, we selected natural plant communities in the loess hilly-gully region of the Yanhe River basin, and used a multilevel/hierarchical model to study the relationship between plant traits and environmental filters at different scales. We selected leaf traits for our study, because leaf traits are closely related to the capture and use of resources [31,32], aboveground biomass production [33], survival strategies [34] and adaptability of plant species [35], are primarily important for ecological processes, and mostly used functional traits in ecological studies. Our objectives are (1) to quantitatively determine trait–environment relationships at different spatial scales in the Yanhe River catchment; and (2) to find if there exist consistent trait–environment relationships at micro scale, thus helping understand the environmental filters at different spatial scales in community assembly in the loess and gully area.




2. Materials and Methods


2.1. Study Area


The study area is located in Yanhe River in the northern Shaanxi province of China. The Yanhe River is a primary tributary of the Yellow River. The Yanhe River basin area is a typical hilly-gully loess region [36]. The total length of Yanhe River is 286.9 km with an area of 7687 km2. The average elevation is 1371.9 m, and the average slope is 4.3‰. The drainage density is about 4.7 km/km2. The dominant soil type is loess loamy soil with loose texture and prone to erosion. The climate is continental semi-arid monsoon with an annual mean temperature of 8.8 °C and annual average rainfall of 505 mm, 70% of which falls between May and September. Within the catchment, temperature and rainfall are not uniform. From southeast to northwest, rainfall and temperature gradually decreases. With rainfall and temperature changes, vegetation changes regionally with a forest zone in the southeast, a forest-steppe transition zone in the middle, and a typical steppe zone in the northwest (Figure 1). However, due to the topographic changes, the vegetation pattern in the watershed is characterized by a mosaic of zonal vegetation (filtered by regional climate) and azonal vegetation (filtered by microhabitat) [23,24], with azonal vegetation patches nested in zonal vegetation.




2.2. Sampling Design and Community Investigation


According to the nested structure of the sample sites and multilevel modeling theory, we collected data on plant functional traits and environmental factors from July to August 2014 using a stratified sampling design. We first stratified the entire catchment into three zones based on the study by Zou [22]. Within each zone, three transects were established to cover different slope aspects and positions (Figure 1). Along each transect, we selected sampling plots according to the landform changes and length of transect, varying from 5 to 9. In each sample plot, a 10 × 10 m (if forest), two 5 × 5 m or three 1 × 1 m quadrats were set to survey trees, shrubs and herbs respectively. We recorded species, estimated the number, coverage, height, above ground biomass of each species and tree crown breadth, tree trunk diameter at breast height, and ground diameter. A handheld GPS was used to record the longitude and latitude, altitude, slope, aspect and position of the quadrat. Totally, we set up a total of 15 forest plots (10 × 10 m), 21 shrub plots (5 × 5 m) and 21 herb plots (1 × 1 m), and investigated 258 quadrats in these plots. With this design, the sampling plots are nested in transects, while transects can be regarded as replicate sampling units in vegetation zone. Theoretically, trait values between transects from different vegetation zones should be different if regional climate exert significant filtering effect on community assembly, and if the assumption is right, we then use multilevel modeling approach to further test if there are significant changes in trait values within transects with consideration of the filtering effect of regional climate filters, and explore how trait values change with microhabitat factors. So the data analysis will be carried out at two levels, i.e., transect level and plot level.




2.3. Data Collection


2.3.1. Environmental Factors at the Transect Scale


According to our assumption, the hydrothermal conditions are the main filters at transect scale. We selected average annual temperature (Ta), monthly mean temperature (April to October) (T410), average January temperature (T1), average July temperature (T7), average annual rainfall (Pa), total rainfall (July to September) (P789) and annual evaporation (EP) to depict the changes in hydrothermal conditions at transect scale. The values of the climatic variables were extracted from thematic maps of Yan River basin, which were interpolated using the thin plate spline method with altitude and slope gradient as covariant variables under ANUSLPINE platform based on data from 57 meteorological stations within and around the study area [36,37].




2.3.2. Environmental Variables at the Plot Scale


Under field conditions, the environmental factors affecting the plant functional traits, such as light, temperature, precipitation and nutrients, were embodied in the differences of terrain and soil conditions [1], especially at small scale studies [38]. In areas where high resolution data are lacking, the topographic variables as well as on-site collected soil variables are usually used as alternatives to delineate plot scale environment conditions.



We selected four topographic variables and four soil variables at the plot scale. The four topographic variables were elevation, slope gradient, slope position and aspect and they were derived from DEM (25 m × 25 m) of the study area. Elevation varied from 1150 to 1547 m, while slope gradient varied from 6 to 45°. Slope position was classified as one of the following categories: 1 = lower slope, 2 = mid-slope, 3 = upper slope. Slope aspect was divided into eight categories marked as number 1 to 8 based on the amount of incident solar radiation. The greater the category number, the warmer the aspect.



The four soil variables included organic matter content (SOM), total nitrogen (TN), total phosphorus (TP) and soil water content (SWC). In each sampling plot, soil samples were collected from five randomly selected points along an S-curve around quadrats at a depth of 0–40 cm. The samples were returned to the laboratory and SOM, TN, and TP were calculated. SWC was determined by oven drying at 105 °C for 24 h. SOM was determined using the potassium dichromate volumetric method. TN was determined by the Kjeldahl nitrogen determination method, while TP was determined by HCIO4-H2SO4 colorimetric method (molybdovanadate method) [39]. All units of measurement were grams per kilogram (g·kg−1).




2.3.3. Determination of Plant Leaf Traits


The leaf traits included leaf thickness (LT, mm), specific leaf area (SLA, mm2·mg−1), leaf tissue density (LTD, mg·mm−3), and mass-based leaf carbon, nitrogen and phosphorus concentrations (LCC, LNC, LPC, g·kg−1). In each plot, we collected 30 developed leaves from each species with petioles removed and measured the selected traits using the methods proposed by Pérez-Harguindeguy et al. [40]. We determined LT by averaging the testing values of repeated measurements, avoiding veins, with a vernier caliper (accuracy of 0.01 mm). We used a scanner to obtain leaf images and Image Pro-plus analysis software (Media Cybernetics, Silver Spring, MD, USA) to calculate LA based on the scanned images. We then put leaves in the oven at 80 °C dried them to constant weight, weighed the dry mass (accurate to 0.0001 g), SLA = LA/dry mass, LTD = dry mass/volume. LCC was determined by the potassium dichromate volumetric method, LNC by the Kjeldahl nitrogen determination method, and LPC by the molybdenum blue colorimetric method.





2.4. Data Analysis


2.4.1. Community Weighted Means of Leaf Trait


According to the mass ratio hypothesis, ecological processes and functions are mainly controlled by the dominant species [41], which is usually defined as the community weighted mean of functional trait (CWM) [42]. In the current study, we also used CWM to show the trait variation at plot and slope scales without the consideration of the intraspecific variation. We used the following formula:


     I V   i j k   = ( relative   abundance  + relative   coverage + relative   biomass ) / 3   



(1)






    C  jk   =   ∑   i = 1 , k = 1  n   t  ijk     × IV   ijk   /   ∑   i = 1 , k = 1  n    IV   ijk   ,   



(2)




where IVijk is the importance value of j trait of species i in the community k, Cjk is the j trait of community k, tijk is the j trait of species i in the community k.




2.4.2. Multilevel Model Specification


The correlation analysis of all environmental factors indicated that there was significant correlation among the four temperature indexes (Ta, T7, T1, T410), three moisture indexes (Pa, P789, EP), and four soil factors (SWC, SOM, TN, TP). In order to reduce the redundancy of information and overfitting, we used principal component analysis (PCA) to study the climatic factors and soil factors independently, and selected the variables that explained the greatest proportion of the variation. Based on the analysis, we selected Pa and T410 to depict climate conditions at the transect scale and SOM, TN, TP, SWC, aspect, elevation and slope position at the plot scale.



Before constructing the multilevel models, we fitted the variance component models of the trait variables without introducing other explanatory variables but considering random intercepts called “null models”, as in the following equations:


     trait   ij   =   γ   00   +   u   0 j   +   e   ij     



(3)






     Var ( trait   i j   ) =   σ   u 0  2  +   σ  e 2    



(4)






     ICC = σ   u 0  2  / (   σ   u 0  2  +   σ  e 2  )   



(5)




where traitij is the trait at sample plot i in the transect j,     γ  00      represents an overall average of the community traits in all transects, u0j is the difference between the average traits of sample plots in the jth transect from that overall average among nine transects. The eij represents the difference between the trait of a sample plot and its mean at transect scale. In this model,     σ  u 0  2     indicates the trait variation among transects and     σ e 2     indicates the trait variation within transect. ICC is the intra-class correlation coefficient defined as the ratio of the variance between groups and the total. It expresses the degree of correlation between the communities in the same transect.



Based on the variance component models, we introduced explanatory variables at different scales to construct the multilevel models of traits when the ICC reached a significant level. The form of the full multilevel model of the trait is given by the following equation:


      form < lmer ( trait   ij     ~ Pa ∗ T   410   + SWC ∗ SOM ∗ TN ∗ TP + aspect ∗ position ∗ elevation +    ( SWC ∗ SOM ∗ TN ∗ TP + aspect ∗ position ∗ elevation | transect )    



(6)







For the candidate models containing different regressors, we used the Akaike’s information criterion (AIC), Bayesian information criterion (BIC) and −2 log likelihood (−2LL) as criteria to select the optimal model. The variables that had no significant effects were dropped from the final model. The smaller the AIC, BIC and −2LL value, the better the fitting. Once we get the optimal model, we then calculated the percent of variance explained using the following formula:


Variance explained ratio = 1 − (var with predictor/var without predictor)



(7)







The software packages used included the vegan package for principal component analysis, the multilevel and lme4 packages for multilevel models fitting [43,44], the mgcv package for generalized additive model, and the lmerTest package for the model testing.






3. Results


3.1. Variance Changes within and among Transects


With the established null models, significant random intercepts were found in leaf thickness (LT), specific leaf area (SLA), leaf tissue density (LTD), leaf carbon concentration (LCC) and leaf nitrogen concentration (LNC) except for leaf phosphorus concentration (LPC). This indicated that the average trait values within each transect is different from overall average except for LPC (Table 1). The ICC (intra-class correlation coefficient) of LT, SLA, LTD, LCC, LNC and LPC was 14.17%, 28.59%, 9.69%, 9.67%, 15.78% and 4.24%, respectively. ICC can be interpreted as the fraction of the total variance that is due to variation between transects. The higher ICC indicated higher differences between transects and higher within-group correlation. The SLA has the highest ICC while LPC has the lowest ICC, agreeing with the random intercept analysis.




3.2. Leaf Traits Variation with Environmental Factors at Different Spatial Scales


Since there is no significant random intercept in LPC among transects, a linear regression model was fitted for the LPC and environmental factors.




LPC = −0.703 + 0.004pa + 0.736aspect (R2 = 0.407, p < 0.001)



(8)





Equation (8) indicated that the LPC was primarily related to variations in rainfall and slope aspect. The LPC was positively related with mean annual rainfall (pa). Slope aspect exerted more influence than rainfall in this study area. With the slope aspect changing from south-facing (sun-facing) to north-facing, the LPC increased.



For the other five trait variables, multilevel models were fitted for them (Table 2). The results showed that the mean annual rainfall was the driving factor of trait variation at a transect scale while slope aspect, soil water content and soil organic matter were the driving factors at the plot scale. At the transect scale, the mean annual rainfall showed a highly significant positive effect on the LNC (p < 0.01), while it had a highly significant negative effect on LT and LTD (p < 0.001) and a significant negative effect on LCC (p < 0.05), explaining 10.91%, 36.08%, 57.25% and 66.01% of LTD, LT, LCC and LNC variation respectively. It showed no impact on SLA.



At a plot scale, the slope aspect showed a highly significant positive effect on SLA and LNC but a highly significant negative effect on LT and LTD. When the aspect changed from the south to north, the SLA and LNC increased while LT and LTD decreased. The soil water content had a significant negative effect on LT (p < 0.05) and LTD (p < 0.001), and soil organic matter showed a positive effect on SLA (p < 0.001) and LNC (p < 0.01). Totally, plot scale variables explained 7.28%, 43.60%, 46.43%, 75.39% and 81.17% of LCC, LT, LNC, LTD and SLA variation. The elevation showed positive effect only on LCC (p < 0.05).





4. Discussion


4.1. Leaf Trait Variation with Regional Climatic Factors


For a long time, numerous ecological studies showed that the shaping effect of interaction filters, disturbance and climate on community traits pattern tend to strengthen with the increasing spatial scales. At the regional scale, stressful abiotic conditions may reduce the range of species traits that can persist [3], resulting in trait convergence. In this study, the null models detected significant random intercept in leaf nitrogen concentration (LNC), leaf carbon concentration (LCC), leaf thickness (LT), leaf tissue density (LTD) and specific leaf area (SLA) except for leaf phosphorus concentration (LPC), indicating the differentiation of trait values among transects. The multilevel modeling results showed that it is the mean annual rainfall that caused the differentiation of trait values among transects. It explained 66.01%, 57.25%, 36.08% and 10.91% of trait variation in leaf nitrogen concentration (LNC), leaf carbon concentration (LCC), leaf thickness (LT) and leaf tissue density (LTD) respectively. The comparison of leaf traits between transects showed that with increasing rainfall (from steppe to forest zone), the specific leaf area (SLA), leaf nitrogen concentration (LNC) and leaf phosphorus concentration (LPC) decreased while leaf thickness (LT), leaf tissue density (LTD, mg·mm−3) and leaf carbon concentration (LCC) increased (Table 3). This trait–environment relationship pattern is consistent with studies at other scales [8,45,46], indicating the filtering effect of rainfall on community assembly, and coordination among leaf traits [8]. This proves the importance of climate pattern on the regional community distribution, and agrees with vegetation zonation study [22].




4.2. Leaf Traits Variation with Enviromental Factors at Plot Scale


With topographic and soil variables as environmental variables at plot scale, our results showed that slope aspect, elevation, SWC and SOM had significant relationships with leaf traits. With slope aspect changes from sunny to shady sides, traits associated with plant resource utilization strategy (SLA, LN, LP) increased while traits related to plant defensive ability (LT, LTD) showed the opposite trend. These relations between trait and slope aspect may be mainly attributed to the local habitat changes induced by slope aspect changes [47,48], especially thermal conditions. Sunny slopes usually have intense light radiation, high temperature, low soil water content and soil nutrients, whereas shady slopes have relatively higher soil nutrient resources and soil water content and lower temperature [36,48]. Not like in other studies [49,50,51], elevation affected only LCC in our study. That may be attributed to the relatively small vertical gradient within the study area [28] and the relatively minor differences in hydrothermal conditions caused by elevation and slope positions. Anyway, the significant relationships between traits and slope aspect and elevation indicated that topographic variables could be used as alternatives for hydrothermal conditions in areas lacking high resolution data.



Soil water content (SWC) had significantly effect on the leaf thickness (LT) and leaf tissue density (LTD). Lower soil water content usually led to higher LT and LTD, which are closely related to species defensive ability [40] and adaptive strategy to environment [52], enabling the survival of species under unfavorable conditions. As for soil organic matter (SOM), it has significant positive effect on the specific leaf area (SLA) and leaf nitrogen concentration (LNC), which are closely related to the resource utilization strategy [40,53]. In habitat with abundant soil resources, for example, species usually have higher SLA and LNC, and acquired external resources quickly, grew rapidly, cycled nutrients rapidly, indicating the existence of “fast-slow” plant economics spectrum [46].



The relationships between slope aspect, elevation, SWC and SOM and specific leaf traits are also consistent with studies at other scales [8,45,46], and this confirmed the controlling effect of micro-topography and soil factors on the pattern of species distribution [54,55]. In loess hilly and gully region, these microhabitat variables better explained the trait variation and associated strategies of species within transects, thus helping understand the community assembly processes at plot scale. However, the restoration programs or plans seldom take into the filtering effect of microhabitat variables, and species for ecological restoration are usually the same across the whole transect [25].





5. Conclusions


This study used a multilevel model to analyze leaf trait variation with environmental factors at different spatial scales. The results showed that mean annual rainfall exert the significant filtering effect on the leaf nitrogen concentration (LNC), leaf carbon concentration (LCC), leaf thickness (LT) and leaf tissue density (LTD) respectively, explained large part of these trait variation at transect scale. Meanwhile, the microhabitat scale factors such as slope aspect, elevation, soil water content (SWC) and soil organic matter (SOM) imposed a stronger filtering effect on LNC, LCC, LT, LTD and SLA, explained large part of these trait variation at plot scale (within transect variation). These consistent trait–environment relationships indicate the filtering effect of environmental factors at different spatial scales, and confirm our previous conclusion that environmental heterogeneity or topography induced microhabitats are important for afforestation or ecological restoration in this region [36]. If we ignore trait variation within transects and related microhabitat filters, then the environmental heterogeneity will be underestimated, and lead to the homogenization of restoration species. This will be like the past restoration plans and programs, causing serious environmental problems such as dwarf trees and soil desiccation [25,26]. So it is necessary to take the filtering effect of microhabitat into consideration when making restoration plans and schemes.
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Figure 1. Distribution of sample plots in study area and landscape of different vegetation zones in the loess hilly and gully region. The yellow line in picture (a) shows a transect line. 
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Table 1. Estimated variance components of the plant community functional traits in the Yanhe River watershed among nine transects.
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Trait Variables

	
Variance Components

	
Statistical Parameters




	
Transect     σ  u 0  2    

	
Plot     σ e 2    

	
ICC

	
LRatio

	
p






	
LT

	
0.0003

	
0.002

	
14.17%

	
28.72

	
<0.001 ***




	
SLA

	
150.6

	
376.1

	
28.59%

	
16.31

	
<0.001 ***




	
LTD

	
0.024

	
0.227

	
9.69%

	
14.43

	
<0.001 ***




	
LCC

	
459

	
4289

	
9.67%

	
56.96

	
<0.001 ***




	
LNC

	
4.016

	
21.429

	
15.78%

	
22.90

	
<0.001 ***




	
LPC

	
0.005

	
0.121

	
4.24%

	
40.27

	
0.027








ICC is intra-class correlation coefficient, LRatio is the likelihood ratio test for the variance, *** p < 0.001 means that there is highly significant intercept variation between transects.
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Table 2. Multilevel models of leaf traits coupled with environmental factors at different spatial scales using the restricted maximum likelihood (REML) method.
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	Parameter
	LT
	SLA
	LTD
	LCC
	LNC





	Fixed effects
	
	
	
	
	



	Intercept
	0.553 ***
	20.092 **
	6.476 ***
	1053.81 ***
	−1.491 *



	Pa
	−0.001***
	-
	−0.011 ***
	−0.787 **
	0.022 *



	SWC
	−0.004 *
	-
	−0.070 ***
	-
	-



	SOM
	-
	1.175 ***
	-
	-
	0.141 **



	aspect
	−0.097 ***
	50.350 ***
	−1.643 ***
	-
	9.126 ***



	elevation
	-
	-
	-
	0.153 *
	-



	Variance components
	
	
	
	
	



	    σ  u 0  2      (transect scale)
	0.0001
	-
	0.022
	186.9
	1.365



	    σ e 2     (site scale)
	0.001
	70.813
	0.056
	4215.6
	11.480



	% Explained variance (transect scale)
	36.08%
	-
	10.91%
	57.25%
	66.01%



	% Explained variance (site scale)
	43.60%
	81.17%
	75.39%
	7.28%
	46.43%



	Metrics of model support
	
	
	
	
	



	AIC
	−1053.8
	1889.6
	18.01
	2865.8
	1372.4



	BIC
	−1025.4
	1925.6
	39.26
	2883.5
	1400.8



	−2LL
	534.9
	−934.8
	−3.004
	−1427.9
	−678.2







*** p < 0.001, ** p < 0.01, * p < 0.05. LT—leaf thickness; SLA—specific leaf area; LTD—leaf tissue density; LCC—leaf carbon concentration; LNC—leaf nitrogen concentration; LPC—leaf phosphorus concentration. Pa—mean annual rainfall; SWC—soil water content; SOM—soil organic matter.
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Table 3. The spatial distribution pattern of leaf traits among nine transects in Yanhe River catchment.
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Vegetation Zone

	
Transects

	
LT/mm

	
SLA/cm2·g−1

	
LTD/g·cm−3

	
LCC/g·kg−1

	
LNC/g·kg−1

	
LPC/g·kg−1






	
Steppe

	
LJW

	
0.189 ± 0.005 c

	
53.819 ± 3.098 a

	
1.019 ± 0.101 bcd

	
510.914 ± 6.772 c

	
14.377 ± 0.816 a

	
1.285 ± 0.028 a




	
HZL

	
0.181 ± 0.005 bc

	
55.216 ± 2.853 ab

	
1.162 ± 0.098 d

	
470.513 ± 11.703 abc

	
15.509 ± 0.789 ab

	
1.378 ± 0.067 ab




	
LDW

	
0.181 ± 0.007 bc

	
57.436 ± 2.965 abc

	
1.091 ± 0.082 cd

	
497.615 ± 13.335 bc

	
14.671 ± 0.547 ab

	
1.327 ± 0.059 ab




	
Forest-steppe

	
HS

	
0.162 ± 0.008 ab

	
66.831 ± 3.691 bcd

	
0.777 ± 0.073 ab

	
464.819 ± 5.314 ab

	
17.518 ± 0.764 b

	
1.408 ± 0.068 ab




	
WLW

	
0.182 ± 0.008 bc

	
64.109 ± 2.826 abcd

	
0.835 ± 0.089 abc

	
471.467 ± 8.786 abc

	
15.846 ± 0.780 ab

	
1.458 ± 0.074 abc




	
ZFG

	
0.151 ± 0.007 a

	
68.227 ± 3.932 cd

	
0.757 ± 0.055 ab

	
503.799 ± 13.842 bc

	
17.650 ± 0.834 b

	
1.407 ± 0.069 ab




	
Forest

	
ZJT

	
0.140 ± 0.007 a

	
82.950 ± 3.034 e

	
0.694 ± 0.103 a

	
433.495 ± 18.952 a

	
17.352 ± 0.766 b

	
1.522 ± 0.036 bc




	
TQY

	
0.148 ± 0.009 a

	
85.069 ± 7.616 e

	
0.645 ± 0.053 a

	
455.802 ± 25.257 a

	
22.081 ± 1.585 c

	
1.660 ± 0.062 c




	
MBZ

	
0.163 ± 0.007 ab

	
75.624 ± 3.557 de

	
0.818 ± 0.104 abc

	
453.426 ± 17.211 a

	
17.628 ± 1.508 b

	
1.490 ± 0.050 abc




	
F-Value

	

	
5.327 **

	
7.566 **

	
4.003 **

	
3.783 **

	
5.280 **

	
2.208








Note: abbreviated names in the second column are the names of near villages where transect located; LT—leaf thickness; SLA—specific leaf area; LTD—leaf tissue density; LCC—leaf carbon concentration; LNC—leaf nitrogen concentration; LPC—leaf phosphorus concentration. The means with the different letter denote a significant difference among transects at the p < 0.05 level; ** p < 0.01. 
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