The lack of simple biodiversity–ecosystem function relationships for the eastern and central Tibetan grasslands
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Abstract
The combinations of taxonomic, functional and phylogenetic method have been frequently advocated to assess how changes in biodiversity affect community structure and ecosystem function. Using a large grassland community database involving 917 species and 118 sites across the eastern and central Tibetan plateau, we found an overall positive biodiversity-productivity relationship in species’, functional and phylogenetic space. The relationship, however, was nonlinear, in which biodiversity explained better the variation in community biomass when species diversity was more than a threshold, showing a weak effect of biodiversity on ecosystem function in low species diversity communities. We also found a filled triangle for the limit of the relationship between species’ and functional diversity, implying that functional diversity differs significantly among communities when their species diversity is low but finally converges to be a constant with increasing communities’ species diversity. Our research suggests that multiple niche processes may structure the Tibetan grassland communities, and their forces tend to balance in high-biodiversity communities.
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Introduction
As rapid decline in biodiversity around the world, considerable researches have been motivated to assess how changes in biodiversity affect ecosystem functioning (Hooper et al. 2001; Cadotte et al. 2009). A general view is that different species can exploit available resources (e.g., light, water, nutrients, pollinators, etc.) in different ways, and thus that the more species in the assemblage, the more total resource is used and converted into community biomass production (Tilman et al. 2001; Liu et al. 2015; Duffy et al. 2017).
Species diversity (including species richness and diversity indices), the direct measurement of biodiversity, however, has been frequently reported to explain only a small fraction of the variance in community productivity for its shortcoming in detecting species’ functions in community and their interactions (Cardinale et al. 2006; Chalcraft et al. 2009), and thus that more approaches, especially trait-based approach, are appearing in community biodiversity studies with increasing frequency in the past decades (Violle et al. 2007; Chollet et al. 2014). Because of the strongly influence of species functional traits on their resource acquisition and utilization capability, and the pattern of interspecific interactions (Reiss et al. 2009), community functional diversity is believed to be very effective in assessing biodiversity quantitatively (Violle et al. 2007). However, they are still limited by issues such as what kinds of traits should be considered, and how trait differences translate into ecological differences (Cadotte et al. 2013). The measure of phylogenetic distances of co-occurred species is an alternative approach to calculate community biodiversity according to the general fact that species’ dissimilarity in functional trait and ecological process is correlated with their evolutionary divergence times (Cadotte et al. 2009; Willis et al. 2010; Cadotte 2017). Thus, phylogenetic relatedness can be used as a comprehensive proxy of functional, evolutionary, and ecological similarity among species (Braga et al. 2018). 
The important role of functional and phylogenetic diversity in explaining plant community productivity has been reported repeatedly. In many studies, phylogenetic and functional diversity appear to account for more variation in community productivity than species richness, and the explanatory power of the former two is largely depended on species pool and functional traits involved in analyses (Cadotte et al. 2009; Flynn et al. 2009; Chollet et al. 2014). Studies in Tibetan alpine meadow also showed that phylogenetic diversity and functional diversity related to plant height represent the most parsimonious combination to explain community productivity (Liu et al. 2015; Li et al. 2015). Other researches, however, found significant differences among these approaches in their relationship to community production. Niu et al. (2013), for example, revealed a negative relationship of community biomass with species diversity but positive with functional diversity following fertilization of an alpine meadow; while Zhu et al. (2016) found that aboveground biomass production of some northern Tibetan Plateau grasslands was positively related to the diversity of SLA (specific leaf area) and LDMC (leaf dry matter content), but negatively to it of plant height, resulting in an overall non-significant pattern in multi-trait space.
It is also critically important to determine the relationship among species’, functional and phylogenetic diversity for developing an appropriate method to maintain biodiversity (Naeem 2002; Micheli & Halpern 2005; Bihn et al. 2010). A positive linear relationship indicates that each species has a relatively unique phylogenetic and functional trait. In this case, functional diversity is complementary among co-occurred species, and each species contributes almost equally to ecosystem functioning. A non-linear relationship, however, generally implies potential functional redundancy, in which many species share similar traits, and functional difference among co-occurred species may be insensitive to the change of species diversity (Flynn et al. 2009; Lalibertéet al. 2010), especially when species richness is higher or low than a certain value (Lohbeck et al. 2011). For example, a logarithmic relationship between functional and species diversity suggests that functional diversity may increase rapidly at lower species diversity levels and subsequently increases at a declining rate as functional redundancy increases (Micheli & Halpern 2005; Bu et al. 2014). Furthermore, their relationship may depend largely on selected functional traits. A study in central Europe urban plant communities, for example, showed a significantly positive correlation of phylogenetic diversity to functional diversity in both species dispersal strategies (dispersal type, seed mass and seed bank type) and competitiveness (plant height, SLA and LDMC), but non-significantly in species niche preferences (Lososová et al. 2016).
In summary, both the relationship between biodiversity and productivity and between species diversity and functionality should be examined together to understand clearly mechanisms underlying community assembly and dynamics. The both relationships can be complex, which thus call for some nonlinear analyses beyond simply linear one to potential special pattern in them. However, up to now, few empirical studies have been designed to assess the two relationships by artificial control (i.e. sowing seeds, tree plantation) or small-scale observation method (Ben-Hur et al. 2012; Liu et al. 2015; Zhu et al. 2016), and reported contrasting results, ranging from clearly positive to no or in some circumstances even negative effects of diversity on productivity (or functionality). Therefore, it is still unclear and under debates whether the pattern found in these studies is endemic to a certain community or universal to natural ecosystem.
Alpine and subalpine grasslands are the most dominant ecosystem of eastern and central Tibetan plateau, covering ∼128.2 million ha, or ∼13.4% of China’s total area. These grassland are exposed to extreme environmental conditions, including intense radiation, strong winds, low temperature, low soil nutrients and (or) drought stress, making they an ideal system to evaluate relationships among biodiversity, productivity and functionality for natural ecosystems under stressful conditions and their dynamics and mechanisms. Here, using a large database across more than 1.1 million km2 area in the Tibetan plateau zone, we concretely aim to examine (1) whether the biodiversity-productivity relationship is significantly positive linear or shows a specific pattern, especially focusing on functional trait diversity indices, (2) whether functional and phylogenetic diversity are more effective than the traditional species diversity indices in explaining the variation in grassland productivity, and (3) whether the species diversity-functionality relationship varies significantly when different traits are involved.
Materials and Methods
Study area

The study area is located across alpine and subalpine grassland zones of the east and center Tibetan Plateau. Specifically, we set up several transects in 2014 and 2017, which cover latitudes from 29.14 to 38.84° N and longitudes from 88.15 to 101.51° E, and is approx. 1150 km long and 980 km wide. Climate variation along these transects is represented by a mean annual temperature (MAT) range of -9.04 to 6.07 °C, with mean annual precipitation (MAP) ranging from 44 to 716 mm, and elevation from 2792 to 5217 m.

Natural grassland types in this area include desert steppe, steppe, steppe meadow, meadow, swamp meadow and cushion vegetation. Within every type, structure traits and species composition of grassland communities differ greatly among different climate belts. Vegetation in meadow and steppe meadow, in generally, is dominated by Kobresia species, associated with the species of Gentiana, Potentilla, Elymus, Pedicularis, Stipa and Festuca. They are located on the eastern Tibetan Plateau, where semi-humid and wetter semi-arid climate dominate, respectively. Steppe and desert steppe, however, are widely distributed in the center of the plateau, where the climate is dryer semi-arid and arid types, respectively. The two steppe types are dominated by Stipa species, associated with the species of Achnatherum, Artemisia, Oxytropis, Leontopodium, Limonium and Leymus. Swamp meadow, dominated by the species of Poa, Deschampsia, Blysmus, Caltha and (or) Kobresia, is located on the area with high soil water content in the eastern Tibetan Plateau. Cushion vegetation is endemic to alpine and subglacial zones, and often scattered across the top of mountains, in which Thylacospermum caespitosum, Kobresia pygmaea, Leontopodium nanum and the species of Saussurea, Carex and Arenaria have extensive distributions.

Field sampling and trait measurement
Field surveys were conducted during late July to early September, and 118 sites were surveyed one time along these transects (Fig. 1, Appendix 1). Of 118 sites, 17 were desert steppe, 19 steppe, 26 steppe meadow, 37 meadow, 12 swamp meadow and 7 cushion vegetation, and meantime, 8 were in temperate belt, 37 subalpine, 62 alpine and 11 subglacial belt. We recorded geographical coordinates, elevation, slope gradient and aspect for each site. Five 1 m * 1 m quadrats were laid out randomly within each 100 m * 100 m site and all vascular plant species were recorded. We ended up 581 quadrats for the loss of plant material or other reasons in 9 quadrats of 6 sites. The number of species and individual plants (including genets and ramets), height (3-5 sampling), percent cover and weight of every species, and canopy cover were measured in each quadrat. We harvested the aboveground biomass down to the soil surface of every species. The major sampled species reached peak coverage and biomass usually during the field period. Because of the high abundance (up to 2200/m2) in meadow, swamp meadow and cushion vegetation, we set up a 0.5 m * 0.5 m small quadrat in 1 m2 quadrats to get the aboveground biomass and abundance of every species and then calculated them in 1 m2 quadrats by multiplying 4. Aboveground biomass was weighed after removing dead parts and being dried at 75 °C for 48 hours to a constant weight.

Altogether we recorded 917 angiosperm species which included almost all dominant species and more than 65% common species in study region, and we used 917 as the regional species pool. We selected four traits tightly associated with plant life strategy and functional tradeoff: plant height (PH), leaf size (LS), specific leaf area (SLA) and seed mass (SM). The trait measurement methods referred to Pérez-Harguindeguy et al. (2013), and were described in more detail in Qi et al. (2014, 2015) and Appendix 2.
Species diversity, phylogenetic diversity and functional diversity

For each quarter, we recorded the biomass, abundance, richness and canopy cover of community, and biomass, abundance (density) and percent cover of every species. We then calculated every species’ important value index (IVI) in quarter according to its relative biomass (Rb), relative cover (Rc) and relative density (Rd) as: IVI = (Rb + Rc + Rd)/3. Rb replaced relative frequency (common in other studies) here because the former represented the status and performance of species in a community, and was more suitable for our multi-site study with obviously different structure traits and species composition among sites. Species diversity of every quarter was calculated by using Shannon–Wiener index [H = - ∑ (pi × ln pi), where pi is the IVI of species i].
We used the Rao's quadratic index (FDQ) to estimate the community functional diversity, which is for following two reasons. Firstly, FDQ is the sum of pairwise trait distances between species weighted by their relative abundances (or IVI as in this study), has been advocated repeatedly as a comprehensive measure for describing community trait diversity (Carboni et al. 2013). Then, FDQ can be used to assess in both single and multiple trait space, which is likely to have a place in predicting variations in ecosystem functions under different scenarios (Butterfield & Suding 2013). FDQ for single and multiple traits was calculated by using R and FDiversity (Casanoves et al. 2011).

We still considered community phylogenetic diversity. Before analyses, a working phylogenetic tree was generated using ‘Phylomatic’ in association with the ‘R20120829’ version of the Angiosperm Phylogeny Group III data (available at http://www.phylodiversity.net). Branch lengths were assigned using the BLADJ algorithm (Webb et al. 2008). We calculated the mean pairwise phylogenetic distance (MPD) using the ‘comstruct’ function in Phylocom to quantify community phylogenetic diversity (Webb et al. 2008). The calculation of MPD is mathematically similar to FDQ, and thus, the combination of MPD and FDQ can provide a uniform and effective assessment of functional and phylogenetic community pattern.
Species number and abundance varied dramatically among sampled quadrats in this study. To remove any effect of sample size, we calculated a standardized effect size (SES) of MPD and FDQ against a null model by generating 10000 random assemblages for each community, with preserving the species IVI and shuffling the taxon names. For MPD, we calculated SESM as: SESM = (MPDOBS – MPDRANDOM)/sd(MPDRANDOM), where sd(MPDRANDOM) is the standard deviation of the random MPD values. For FDQ, we calculated SESFD as: SESFD = (FDOBS –FDRANDOM)/sd(FDRANDOM). A positive/negative SESFD or SESM indicates that traits or phylogeny are dispersed/clustered within a community.
Statistical analyses
Data on functional traits, aboveground biomass production (ABP) and species richness (SR) were log transformed to meet the assumptions of normality. We used regression analyses to test for the relationship among ABP, species diversity (SR and H) and various functional and phylogenetic diversity indexes. For all the regressions, we examined the fit of linear, quadratic and piecewise models using stat and segmented packages from R software, and identified the best predictive model based on explained variance (higher R2) and parameter significance (lower P-values). To avoid overfitting for piecewise model, we constrained the maximum number of breakpoints to one per model. We still used Davies’ test to evaluate the null hypothesis of equal slopes on either side of breakpoint, and if null hypothesis was accepted, no piecewise regression model was suitable for the binary relationship. We also referred to the difference in AIC (Akaike information criterion) value (ΔAIC) among models. If ΔAIC was <2 between linear and non-linear (quadratic and piecewise) models, these models were considered competitive (Segura et al. 2015), and a linear models was selected as the best model because it showed a more simple and universal relationship.
We also used quantile regression to identify the limits, boundaries, and shifting relationship within our bivariate distribution. Quantile regression extends linear regression by estimating slopes not only through the median, but also through each quantile (or percentile) of the bivariate relationship. We examined the nature of this upper (lower) bound with quantile regressions with data points in the 0.95 (0.05) quantile using Quantreg package (Koenker 2018) for R. The significance of the slopes of quantile regressions was assessed with bootstrapped standard errors.
Results
Structure traits varied dramatically among communities, with SR ranging from 3 to 37 species, ABP from 12.4 to 327.64 g, and individual density (abundance) from 4 to 2252 in a 1 m2 quarter (Appendix 1). Similar trends were found in various diversity indexes, in which H ranged from 0.58 to 3.13, SESM from -4.54 to 1.84, and SESFD of LS, SLA, PH, SM and multi-traits from -3.43, -2.75, -2.86, -3.22 and -2.37, to 3.21, 2.18, 3.31, 2.76 and 2.35, respectively. Moreover, based on 95% confidence intervals (CI), the mean SESM (95% CI: -0.540 – -0.381, same below) was significantly lower, while the mean SESFD of LS (0.103 – 0.276), PH (0.178 – 0.395) and multi-traits (0.051 – 0.187) were significantly but slightly higher than zero, indicating an overall phylogenetic clustering and a functional overdispersion within a community. SESFD of SLA (-0.032 – 0.113) and SM (-0.121 – 0.036), however, were non-significantly different from zero (Fig. S1).
Overall, the ABP significantly increased with species diversity (SR and H), and the best fit model for the both relationships was the piecewise regression model, in which the breakpoint was found at SR = 1.13 (log-scale, ≈13.5 species/m2; confidence interval, CI: 0.99–1.26) and H =1.68 (CI: 1.47–1.91), with the ABP varying non-significantly before the breakpoint and increasing dramatically with SR or H after the breakpoint (Table 1, Fig. 2). Instead, the best relationship between ABP and SESM or SESFD of multi-traits and leaf traits (LS and SLA) was a linear increase (significantly higher R2 and lower AIC value for linear model) or an approximately linear increase (non-significant difference between linear and non-linear model in R2, and their ΔAIC <2; Table 1). The fit model for the relationship between ABP and SESFD of PH, however, was piecewise regression, in which ABP firstly increased rapidly with SESFD of PH and then slowly from breakpoint at SESFD of PH = 0.69 (CI: 0.52–0.93; log-scale). Finally, we did not find any significant (linear, quadratic and piecewise) regression model fitting the relationship between ABP and SESFD of SM (Table 1, Fig. 3).
There were no consistent relationship between SR and functional and phylogenetic community diversity. For example, the best model fitting the relationship related to SESFD of LS, SLA, PH and multi-traits was also the piecewise model (Table 2) with estimated SR thresholds slightly lower than those estimated to ABP (log-scale SR = 0.99, 0.99, 0.95 and 1.06 for SESFD of LS, SLA, PH and multi-traits, respectively). Moreover, piecewise model was still the optimal model suitable for the SR-SESM relationship, with SESM firstly increasing significantly but slowly and then rapidly when SR >0.95 (the breakpoint). On the contrary, the SR-SESFD of SM relationship was obscure, and not suitable for any regression model (Table 2). Moreover, when H was considered as an index representing species diversity, a similar pattern to SR was found about its relationship with functional and phylogenetic community diversity, except for significantly but weakly positive relationship between H and SESFD of SM in linear model and between H and SESFD of LS and multi-traits for their first segment line in piecewise model (Table S1).
Based on quantile regression, there was generally significant shift in linear regression coefficient (sign and slope) among the upper (95th), median (50th) and lower (5th) quantiles for the relationship between species diversity and functional and phylogenetic diversity (Table S2). For example, the relationships of SR (Fig. 4) or H (Fig. S2) were significantly and strongly positive to SESM and SESFD of all traits at lower quantile, significantly and strongly (or weakly) positive to SESM and SESFD of LS, SLA, PH and multi-traits but non-significantly positive to SESFD of SM at median quantile, and significantly but weakly positive to SESFD of leaf traits (LS and SLA), significantly but weakly negative to SESFD of PH and SM, but non-significantly positive to SESM and SESFD of multi-traits at upper quantile.
Discussion
Instead of considering species richness as the only facet of diversity, phylogenetic and functional diversity can be widely considered a proxy for ecological differentiation, influencing the structure and composition of communities and thus ecosystem process and function. Consistent with the general pattern, we found an overall positive biodiversity-productivity relationship in species’, functional and phylogenetic space (Jaillard et al. 2014; Rolo et al. 2016; Duffy et al. 2017). Our study also demonstrated that species diversity explained better the variation in ABP, SESFD and SESM only when it was more than a diversity threshold, thereby implying that low species diversity cannot drive the variation of community function. The boundaries of the bivariate distribution of the relationship between SR or H and SESM and SESFD of all single and multiple traits formed a filled triangle, showing a convergence in the limit of community’s functional and phylogenetic divergence with increasing species diversity. Combined, these results indicate that different assembly processes, such as niche-based deterministic processes like environmental filtering and biotic interactions, and spatial-based neutral processes like dispersal limitation, may structure these communities.
Overall patterns in functional and phylogenetic community diversity

Our analysis evidenced an overall pattern of strongly phylogenetic clustering, but weakly functional overdispersion in the individual and multivariate trait space. The strongly phylogenetic clustering appears to be a result of stochastic process such as dispersal limitation. Tibetan Plateau is characteristic of high elevation and a series of huge mountains, which restrict the spread of alpine plants, resulting in the coexistence of closely related plant species with similar evolutionary history. However, to maintain the coexistence and avoid inter-specific resource competition because of similar ecological adaptation, these related species may undergo trait shifts (‘character displacement’; Schluter 2000), thereby reducing niche overlap. Some studies have evidenced that, in many cases, closely related species coexist in close proximity, but are well-separated ecologically and functionally (Lemoine et al. 2015; Qi et al. 2015; Lyn et al. 2017). Moreover, a degree of random functional trait distribution within the phylogeny may also contribute to the inconsistency between functional and phylogenetic community pattern to some extend (Kraft et al. 2007; Ponisio & M'Gonigle 2017). For instance, the diversity (i.e. mean SESFD value) of LS and PH, the traits whose variation are restricted less by phylogeny (based on traits’ phylogenetic signal, seen in Appendix 3), have more significant differences to phylogenetic diversity (i.e. mean SESM value) in this study.
The relationship between biodiversity and grassland productivity
Our study supports an overall positive relationship between aboveground biomass production (ABP).and species diversity (SR and H), functional diversity (SESFD) and phylogenetic diversity (SESM), indicating the important role of biodiversity at different hierarchical levels in maintaining ecosystem functioning for the Tibetan grasslands. But surprisingly, the optimum species diversity-productivity relationship shows a two-stage pattern, in which, with increasing species diversity, communities’ productivity increases non-significantly at low diversity level but significantly at middle and high level. The pattern is opposite to general relationships (e.g. positively linear, logarithmic, unimodal, or neutral), and thus it cannot be explained by common hypothetical mechanisms such as rivet, compensatory/keystone species, redundant species, or null hypothesis (Loreau 2004; O'Connor & Crowe 2005; Kang et al. 2015). Thus, it suggests a unique mechanism potentially adapted to plant communities along environmental pressure gradients. The mechanism emphasizes a species diversity threshold, and below it, extreme environmental conditions (e.g. extremely low temperatures and intense radiation in subglacial or some alpine zones, and low soil nutrients and drought stress in desert steppe zones) filter out most species, resulting in the coexistence of few species. The life history strategy of surviving species is to adapt to these environments, resulting in the lack of strong interaction and significant niche complementarity among them. Thus, the biomass production of these communities may be largely determined by restrictive resources or environmental factors, rather than by species composition and diversity. In other communities, no resources are significantly limited, which allows coexistence of multiple species with different ways of resource utilization. Increasing species diversity will enhance plant use efficiency of different resources, and ultimately increase community productivity. These results, meantime, suggest the common finding that facilitative plant interactions drive high-altitude plant diversity and every species contribute to community functioning, especially when species diversity is high (Maestre et al. 2009; Butterfield et al. 2013; Michalet et al. 2014). On the contrary, the best model for explaining the functional diversity-productivity relationship for most traits is positively linear, confirming the general prediction that functional differences among coexisting species are the basis of niche complementarity, and a great inter-specific functional difference will enhance community-level resource utilization efficiency.
Contrary to our predictions and most previous studies, phylogenetic and functional diversity account for less biomass variation of the Tibetan grassland communities than species richness. Strong environmental filtering effect on functional traits may have caused this inconsistency (Webb et al. 2002; Kraft et al. 2007; Rolo et al. 2016; Craven et al. 2018). In generally, only fewer evolutionally related species with similar morphological features can survive under stressful environments. In this case, species’ functional traits may better predict their response to environmental stress but not their community status and relationships to other species (Schöb et al. 2013; He & Bertness 2014). For our most grassland communities, plants live under rich soil nutrition and light resources but harsh climate conditions. As a result, species’ adaption to climate, rather than inter-specific competition for resources, may be the primary force structuring these communities, resulting in the decoupling of species traits and community function to a certain extent (Schmitz et al. 2015; Cadotte 2017). Meantime, our result implies the importance of species diversity in maintaining the function of some special ecosystems even though coexisting species show similar morphological features.
The relationship among different diversity metrics
Our best model for explaining the species’ and functional or phylogenetic diversity relationship for the Tibetan grasslands is nonlinear, in which functional or phylogenetic diversity increases non-significantly or slowly with increasing species diversity until it exceed a threshold. The result demonstrates that significantly functional and phylogenetic divergence is important to maintain species coexistence in high species diversity communities. In low species diversity communities, however, the effect of interspecific interaction and niche differentiation may be not usually apparent, and as a result, average trait divergence is small and less dependent of species diversity.
It has been frequently reported that two opposite niche processes, species interaction and habitat filtering, may not be mutually exclusive but instead operate simultaneously across grassland community (Verdú et al. 2009; Michalet et al. 2014; Anthelme et al. 2014; Zhu et al. 2016). Quantile regression for the functional-species’ diversity relationship may help to disentangle their effects in structuring community, in which the upper (or lower) bound should represent the maximum competitive effect (or filtering effect) due to the higher (or lower) functional divergence among species. Our result, however, shows that the relationship changed across quantiles, shifting from a significantly and steeply positive slope in the lower quantile to a slightly positive or negative slope for single trait and even a near zero for multi-traits or phylogeny in the upper quantile. This suggests a fIlled triangle for the limit of the bivariate distribution, implying that functional diversity differs significantly among communities when their species diversity is low but finally converges to be a constant with increasing communities’ species diversity. The reason of big functional diversity difference for low-species diversity communities may be that they are dominated by strong species competition, which excludes low-competitive species and increases inter-specific trait dissimilarity, or alternatively, by strong habitat filtering, which excludes low-adaptive species and increases inter-specific trait similarity. With decreasing the effect of species competition or habitat filtering, more species can coexist and the opposite niche processes may operate and balance (Kraft et al. 2008; Maestre et al. 2009; He & Bertness 2014; Fichtner et al. 2017). As a result, a constant trait divergence among species (similar to limiting similarity theory; Chesson 2000; Kembel & Hubbell 2006) enabled the community to adapt to the fluctuations of environment, to sufficiently use local resources, and to keep community productivity at the maximum level.
The diversity-functionality relationship of different traits

For the Tibetan grasslands, leaf traits (LS and SLA) significantly contribute to achieving a predictive framework for community species diversity and ecosystem functioning. Leaf traits are tightly related to light resource acquisition and plant growth strategy, and identified as a key functional predictor of plant capacity of adaptation to changeful and stressful environment. The result is in accordance with previous studies suggesting that diversity pattern of leaf traits, especially SLA, can be used to predict community productivity, carbon storage and assembly rule (Long et al. 2012; Sun et al. 2013; Lemoine et al. 2015). By contrast, the relationships between diversity patterns of plant height and seed mass and community species diversity and productivity are generally weak or non-significant, implying that plant’s light interception capability and seedling establishment’s ability may be less important in structuring Tibetan grassland communities with rich light resource for under plants. Moreover, most Tibetan grassland species are typically rosette (or semi-rosette) plants or primarily reproduce asexually (Körner 1999; Nagy & Grabherr 2009; Qi et al. 2014; Chen et al. 2017). These unique plants’ architectural and reproductive traits would weaken the effects of plant height and seed mass on supporting leaf light interception and enhancing seedling establishment and survival, respectively, and thus diminish their roles in driving community assembly.
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Tables and Figures
Table 1-2.

Fig. 1 Distribution of the 118 study sites across the eastern and center Tibetan Plateau Grassland zones. The map was edited and generated with ArcGIS 10.2 software, http://www.esri.com/.
Fig. 2 Relationships between aboveground biomass production (log-scale, y-axis) and species richness (A, log-scale) and Shannon-Weaver index (B). Lines showed the best models fitting the relationship, and their significance and explanatory power were shown in Table 1.
Fig. 3 Relationships between aboveground biomass production (log-scale, y-axis) and the standardized effect size (SES) of Rao's quadratic diversity (FDQ) for leaf size (a), specific leaf area (SLA, b), plant height (c), seed mass (d), multiple traits (e), and phylogenetic diversity (MPD, f). Lines showed the best models fitting the relationship, and their significance and explanatory power were shown in Table 1.
Fig. 4 SES of FDQ for leaf size (a), specific leaf area (b), plant height (c), seed mass (d), multiple traits (e), and phylogenetic diversity (f) in relationship to the species richness (SR, log-scale, x-axis) at the upper (95th), median (50th) and lower (5th) quantile levels. Positive (or negative) SES value indicated greater (or lower) functional and phylogenetic diversity than null. Significant and non-significant linear relationship (at α = 0.05) were shown as solid line and dashed line, respectively.
Supplemental materials
Table S1-S2.

Fig. S1 Mean (±95 CI) standardized effect size (SES) of functional diversity (FDQ) for single- and multi-traits and of phylogenetic diversity in the Tibetan grassland communities. Symbols in black indicate values significantly different from zero.
Fig. S2 SES of FDQ for leaf size (a), specific leaf area (SLA, b), plant height (c), seed mass (d), multiple traits (e), and phylogenetic diversity (MPD, f) in relationship to the Shannon–Wiener index (H, x-axis) at the upper (95th), median (50th) and lower (5th) quantile levels. Significant and non-significant linear relationship (at α = 0.05) were shown as solid line and dashed line, respectively.
Appendix 1 A comparison of location, climate attributes and community characters of the 118 study sites. ‘Richness’ and ‘Abundance’ represent species number and total individual number in a 1 m2 quarter.
Appendix 2 The methods of functional trait measurement.
Appendix 3 The phylogenetic signals of plant functional traits and their calculation method.
