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Text
Methods
Preprocessing and filtering community data
We filtered and regularized the community data according to the following steps: first, we harmonized the taxonomic backbones of the two datasets and aggregated subspecies information to the species level. Second, we removed all community plots (a) containing any trees, large shrubs, or aquatic plants as defined by Flora Indicativa (Landolt et al., 2010); (b) containing less than five species recorded or incomplete inventories, and (c) having a standard error of geo-positioning of more than 10 m. Third, we translated cover-abundance class information of the species into cover percentages using the conversion suggested by Münkemüller et al. (2014). This conversion allowed summed cover estimates to exceed 100% when vegetation structure was vertically layered. We then removed all community plots with total cover estimates of less than 30% or more than 300% to avoid distortions of remotely-sensed productivity estimates due to rocks/bare soil and to filter out a few observations with unrealistically high cover values (Brun et al., 2019). A minority of taxa contained in this set of community observations were genus-level classifications, non-angiosperm taxa, and full parasites. We did not consider these taxa as key(stone) species candidates nor did we match them with trait information, however, we left them in the analysis and considered their cover abundance to calculate the fraction of community cover abundance for which we had trait information (see below).
Environmental data
Soil adjusted vegetation index data
We used the remotely-sensed Soil Adjusted Vegetation Index (SAVI) as a proxy for productivity. Geo-corrected SAVI data were obtained from the Landsat project (landsat.gsfc.nasa.gov) at a horizontal resolution of 30 m. We downloaded SAVI estimates for all 14 scenes (images) of the Landsat 7 satellite covering the study area (row-path combinations 27-193, 28-193, 27-194, 28-194, 27-195, 28-195, 29-195, 30-195, 27-196, 28-196, 29-196, 30-196, 28-197, and 29-197) from July 1999 to October 2017 and extracted SAVI values at the locations of community plots (Fig. S2). We removed extracted values that contained water, clouds, and cloud shadow, and those with invalid SAVI scores. Observations with snow coverage were replaced at each location by the lowest, snow-free SAVI measurement in the time series. On average, we obtained 271 SAVI estimates per community plot (ranging from 20 to 633). For each pixel, we first calculated monthly averages of SAVI observations, from which we then derived annual means (see Fig. S2 for an overview over the raw data and a graphical illustration of how annual means were derived).
Climate data
Climate data included annual mean temperature and humidity, and was obtained from CHELSA v1.2 (Karger et al., 2017). For annual mean temperature we used a custom version for the European Alps that was estimated by mechanistically interpolating ERA-interim weather reconstructions to 100 m resolution using CHELSA methodology (Karger et al., 2017). We define humidity as the extent to which the climate is humid, i.e., as the difference between annual precipitation and potential evapotranspiration (Henry, 2005). Humidity was estimated at 1000 m resolution based on the corresponding CHELSA layers. All climate data are representative for the period 1979-2013.
Soil and topography data
Soil and topography variables included soil moisture, soil fertility, terrain wetness, and exposition. Indices for soil moisture and fertility were derived from interpolated averages of indicator values of plant communities at 100 m resolution (Descombes et al., 2020). While these estimates are proxies for soil conditions, they benefit from the high density of plant observations available across the European Alps. Only sites with at least 10 species were considered to derive estimates of soil moisture and fertility from averaged indicator values. Given that hundreds of species were considered for the estimates across all sites, the impact of any single species was negligible. On average, the Spearman correlation coefficient was >0.999 between averaged proxies of soil conditions estimated from the full data set, and proxies estimated from data sets with one species iteratively being removed (Descombes et al., 2020). Moreover, the proxies derived this way were correlated reasonably to measured soil properties (Descombes et al., 2020). It is important to note that while reliable maps of directly-measured soil properties may be preferable, mapped soil properties often lack accuracy, even in data-rich countries like Switzerland: indicator value-based estimates of soil conditions outperformed interpolations of direct measurements as predictors for plant distributions more than indicator value-based estimates of any other predictor group (Scherrer & Guisan, 2019).
Topography predictors originated from the EU-DEM digital elevation model provided by the European Environment Agency at 25 m spatial resolution. From these data, we deduced the terrain wetness index (TWI), by applying the SAGA wetness index function in SAGA GIS (Conrad et al., 2015), and the north/south component of exposition, using the geospatial data abstraction library (GDAL, https://gdal.org).
Land cover data
We used land cover data to identify sparsely vegetated sites. Potential productivity expected from climate and soil/topography conditions is not realized when vegetation is missing. We therefore identified sparsely vegetated sites based on data from the CORINE Land Cover 2018 map (https://land.copernicus.eu/), with 100 m resolution. We aggregated the 44 original land cover classes to a binary layer in which 1 represented the five classes of the category ‘Open spaces with little or no vegetation’ (beaches, dunes, sands; bare rocks; sparsely vegetated areas; burnt areas; glaciers and perpetual snow) to represent sparse vegetation.
Classifying partial response curves
We used goodness-of-fit and shape criteria to separate five classes of responses of SAVI to community-level functional predictors, following the approach of Brun et al. (2019). Goodness of fit was determined based on explained deviance added. Partial response curves of model fits with explained deviance added <1% were classified as non-significant (ns). Three conditions had to be fulfilled for a curve to be considered ‘concave-‘ (unimodal). Its minimum had to be at one edge of the prediction range, its maximum had to be somewhere within the prediction range, and the edge of the prediction range that was not associated with the minimum had to be at least 10% of the response range below the response maximum. For a curve to be classified ‘concave+‘ inverse criteria applied, except, that the edge of the prediction range that was not associated with the response maximum had to be at least 25% of the response range above the response minimum. This more constrained definition of ‘concave+’ curves was chosen, because in many cases the relatively inflexible GAM fits increased somewhat towards the minimum of the prediction range, when they otherwise showed an exponentially increasing response, and since there was no theoretical reason to expect ‘concave+’ relationships. If response curves did not fall into any of the above classes, and their value at the minimum of the prediction range was lower than the value at the maximum, responses were classified as ‘increasing’; else they were classified as ‘decreasing’.


Results
Environmental clusters
To group community surveys by similar environment, we defined two key environmental dimensions which turned out to be closely linked SAVI. We conducted a PCA on the scaled and centered values of temperature, humidity, and soil fertility associated with community observations and used the first two axes, which explained 92.6% of the variance, to define environmental similarity. For these principal components, the loadings of temperature and soil fertility aligned fairly well, and they were more or less orthogonal to the loadings of humidity, thus defining a quasi-two-dimensional space of major environmental gradients. For intuitive presentation, we rotated these first two principal components to align the loading of increasing temperature with the X-axis, and only display the loadings in the graphics. In this environmental space, high SAVI was linked to intermediate to high values in all three environmental factors, low SAVI linked to cold conditions/low soil fertility, and intermediate SAVI was linked to cool temperatures/intermediate soil fertility, and/or low humidity. The habitats resulting from partitioning around medoids clustering within this space are shown in Fig. S3. 



Tables & Figures
Table S1 | List of sources of trait data
	Trait
	Databases
	References

	SLA
	TRY, ORIGIN ALPS 
	Adler et al. 2014, Brun et al. 2019, Ciccarelli 2015, Cornelissen 1996, Cornelissen et al. 2004, Dalke et al. 2018, de Vries et al. 2016, Diaz et al. 2004, Giarrizzo et al. 2017, Gos et al. 2016, Kattge et al. 2009, Kichenin et al. 2013, Kleyer et al. 2008, Lhotsky et al. 2016, Maire et al. 2015, Milla and Reich 2011, Ordoñez et al. 2010, Peco et al. 2005, Sandel et al. 2011, Schroeder-Georgi et al. 2016, Shipley 2002, Takkis 2014, Thuiller et al. 2014, Vergutz et al. 2012, Vile 2005

	LNC
	TRY, ORIGIN ALPS 
	Adler et al. 2014, Atkin et al. 2015, Belluau and Shipley 2018, Brun et al. 2019, Campbell et al. 2007, Campetella et al. 2011, Cornelissen 1996, Cornelissen et al. 2004, Craine et al. 2005, Craine et al. 2009, Craine et al. 2012, Dalke et al. 2018, de Vries et al. 2016, Fitter and Peat 1994, Freschet et al. 2010, Han et al. 2012, Herz et al. 2017, Kattge et al. 2009, Kazakou et al. 2006, Kerkhoff et al. 2006, Kichenin et al. 2013, Laughlin et al. 2010, Li and Shipley 2018, Louault et al. 2005, Loveys et al. 2003, Maire et al. 2015, Milla and Reich 2011, Onoda et al. 2017, Ordonez et al. 2010, Prentice et al. 2011, Quested et al. 2003, Schroeder-Georgi et al. 2016, Shipley et al. 2000, Smith et al. 2014, Spasojevic and Suding 2012, Thuiller et al. 2014, Tribouillois et a. 2015, Vergutz et al. 2012, Wang et al. 2017, Wright et al. 2004

	HGT
	TRY, ORIGIN ALPS 
	Brun et al. 2019, Gos et al. 2016, Kleyer et al. 2008, Thuiller et al. 2014 

	Life form
	ORIGIN ALPS
	Brun et al. 2019, Thuiller et al. 2014





Table S2 | Number of observations and number of species available for analysis within the different environmental clusters considered. Q25 represents the first quartile; Q50 represents median; and Q75 represents the third quartile.
	
	
	Number of observations
	Number of species with trait data*

	
	nclust
	Min
	Q25
	Q50
	Q75
	Max
	Min
	Q25
	Q50
	Q75
	Max

	Community-level
	1
	
	
	17764
	
	
	
	
	412
	
	

	
	5
	2215
	3632
	3755
	4051
	4111
	311
	375
	376
	393
	396

	
	25
	99
	540
	786
	861
	1133
	175
	276
	300
	350
	3777

	
	50
	59
	267
	388
	454
	545
	145
	241
	282
	320
	359

	Key(stone) species
	1
	
	
	29091
	
	
	
	
	412
	
	

	
	5
	5297
	5592
	5599
	5726
	6877
	253
	269
	304
	333
	354

	
	25
	626
	1041
	1162
	1355
	1725
	136
	193
	211
	238
	272

	
	50
	218
	492
	603
	668
	916
	95
	152
	188
	205
	230


* Note that number of species in key(stone) species datasets are lower than in community-level datasets despite the higher number observations because we filtered for species with at least 1% prevalence per habitat for individual-species analyses, but not for community-level analyses.


Table S3 | Key(stone) species identified across the full dataset. Listed are all key species (38 species) with the subset of keystone species (11 species) highlighted in bold. Explained deviance refers to full model with productivity (soil adjusted vegetation index) as response and environmental conditions (smooth terms) and cover values of the species (linear coefficient) as predictors. Delta explained deviance refers to model improvement after adding the species coefficient. 
	Species
	Plant type
	Explained deviance
	Delta exp. Dev.
	Linear coefficient
	Trait data
	Seed mixture species*
	Listed in GISD**

	Trifolium pratense
	Legumes
	68.87
	0.75
	18.66
	Yes
	Yes
	No

	Holcus lanatus
	Grasses
	68.86
	0.75
	22.54
	Yes
	No
	Yes 

	Ranunculus acris
	Forbs
	68.66
	0.54
	30.15
	Yes
	No
	No

	Anthoxanthum odoratum
	Grasses
	68.59
	0.47
	12.87
	Yes
	Yes
	No

	Poa trivialis
	Grasses
	68.57
	0.45
	21.34
	Yes
	No
	No

	Rumex acetosa
	Forbs
	68.57
	0.45
	48.07
	Yes
	No
	No

	Festuca pratensis
	Grasses
	68.56
	0.44
	23.62
	Yes
	Yes
	No

	Dactylis glomerata
	Grasses
	68.55
	0.43
	16.26
	Yes
	No
	Yes

	Trisetum flavescens
	Grasses
	68.53
	0.41
	16.70
	Yes
	Yes
	No

	Arrhenatherum elatius
	Grasses
	68.53
	0.41
	12.18
	Yes
	No
	No

	Plantago lanceolata
	Forbs
	68.53
	0.41
	24.16
	Yes
	Yes
	No

	Trifolium repens
	Legumes
	68.42
	0.30
	22.81
	Yes
	Yes
	Yes

	Avenula pubescens
	Grasses
	68.40
	0.29
	17.22
	Yes
	No
	No

	Tragopogon pratensis
	Forbs
	68.39
	0.27
	57.97
	Yes
	No
	No

	Lolium perenne
	Grasses
	68.39
	0.27
	21.63
	Yes
	Yes
	No

	Lathyrus pratensis
	Legumes
	68.38
	0.26
	25.23
	Yes
	Yes
	No

	Festuca arundinacea
	Grasses
	68.37
	0.25
	16.22
	Yes
	Yes
	No

	Cynosurus cristatus
	Grasses
	68.36
	0.25
	19.67
	Yes
	Yes
	No

	Carex montana
	Sedges
	68.36
	0.24
	8.12
	Yes
	No
	No

	Sanguisorba minor
	Forbs
	68.35
	0.23
	15.11
	Yes
	Yes
	No

	Taraxacum officinale
	Forbs
	68.35
	0.23
	26.09
	Yes
	No
	Yes 

	Poa pratensis
	Grasses
	68.34
	0.22
	16.75
	Yes
	Yes
	Yes

	Rhinanthus alectorolophus
	Forbs
	68.33
	0.21
	11.30
	Yes
	No
	No

	Festuca rubra
	Grasses
	68.32
	0.20
	8.77
	Yes
	Yes
	No

	Achillea roseo-alba
	Forbs
	68.31
	0.19
	55.98
	No
	No
	No

	Leucanthemum vulgare
	Forbs
	68.30
	0.18
	19.89
	Yes
	Yes
	No

	Ranunculus repens
	Forbs
	68.30
	0.18
	20.73
	Yes
	No
	No

	Knautia arvensis
	Forbs
	68.30
	0.18
	26.70
	Yes
	Yes
	No

	Ranunculus bulbosus
	Forbs
	68.30
	0.18
	19.04
	Yes
	No
	No

	Veronica chamaedrys
	Forbs
	68.30
	0.18
	35.65
	Yes
	No
	No

	Vicia cracca
	Legumes
	68.28
	0.16
	29.75
	Yes
	Yes
	No

	Leontodon hispidus
	Forbs
	68.27
	0.16
	10.46
	Yes
	Yes
	No

	Salvia pratensis
	Forbs
	68.26
	0.15
	11.49
	Yes
	Yes
	No

	Agrostis capillaris
	Grasses
	68.26
	0.14
	10.13
	Yes
	Yes
	Yes

	Bromus erectus
	Grasses
	68.25
	0.13
	3.11
	Yes
	No
	No

	Centaurea jacea
	Forbs
	68.25
	0.13
	16.79
	Yes
	Yes
	No

	Geum montanum
	Forbs
	68.24
	0.12
	15.26
	Yes
	No
	No

	Colchicum autumnale
	Forbs
	68.23
	0.11
	26.11
	Yes
	No
	No


* as defined in Lehmann et al. (2000); ** GISD represents Global Invasive Species Database (http://www.iucngisd.org/)
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Fig. S1 | Distribution of community plots in the French alps and Switzerland. Observations from the French National Alpine Botanical Conservatory are shown in blue; observations from the dry meadows and pastures initiative are shown in red.



Fig. S2 | SAVI data and computation of annual means. a, Landsat 7 tiles considered; b, spatial distribution of number of SAVI observations per community plot; c, frequency distribution of SAVI observations across the season; d, frequency distribution of number of SAVI observations per community plot; e, estimation of annual averages per site at the example of site “CBNA_328” (202 observations): first monthly averages are calculated (dark blue lines), then the annual mean (dark red line) is calculated from the monthly averages. The increased number of points at SAVI≈0.04 results from substituting all observations with snow cover with the lowest value observed at the site.

Fig. S3 | Environmental space and habitats considered in this study. a, density distribution of observations across environmental space; b, separation of environmental space into five habitats; c, separation of environmental space into 25 habitats; d, separation of environmental space into 50 habitats. Classification of productivity (soil adjusted vegetation index, SAVI) levels is indicated by letters representing low (l), intermediate (m), and high (h). Axes are rotated principal components of environmental space (see Methods) with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity levels and superimposed isolines represent the density of observations.



Fig. S4 | Schematic illustration of the analyses conducted in this study. Black circles indicate data transformations; arrows indicate flow of information; results are highlighted in yellow. PCA represents principal component analysis; PAM indicates partitioning around medoid clustering; and GAM stands for generalized additive modeling.



Fig. S5 | Explained deviance added by additional community-wide and individual-species predictors. Shown are contributions of functional diversity metrics, combinations of all community-weighted moments per trait, combinations of all traits per community-weighted moment, key-species cover, keystone-species cover, and rare-species cover to explained deviance of model fits explaining productivity (soil adjusted vegetation index) with environmental conditions. Functional diversity metrics include functional richness (FRichness), i.e., the volume of functional space occupied by the community; functional evenness (FEvenness), i.e., the regularity of the distribution of cover abundance in this volume; functional divergence (FDivergence), i.e., the divergence of the distribution of cover abundance in this volume; functional dispersion (FDispersion), i.e., the mean distance between species and the community centroid in trait space; and functional diversity measured by Rao’s quadratic entropy (Rao’s Q) (Botta‐Dukát, 2005; Villéger et al., 2008; Laliberté & Legendre, 2010). Functional diversity metrics were calculated using the R package FD (Laliberté et al., 2014) considering SLA, LNC, and HGT and their effect was represented with smooth terms of three degrees of freedom. Linear coefficients were used to model the effect of the cover values of key(stone) species. ‘Rare spp. pooled’ is the summed cover abundance of species with <1% occurrence frequency represented as a smooth term with three degrees of freedom. The groups “All moments” and “All traits” include the smooth terms of all community-weighted moments per trait and the smooth terms of all traits per community-weighted moment, respectively. Bars represent medians and error bars are interquartile ranges of 100 models fitted on resampled data. Letters on top of bars indicate groups according to a Tukey HSD test: if two bars share any letter, they are not significantly different from each other.



Fig. S6 | Partial responses of productivity to community-weighted moments and rare species cover abundance. Partial responses of productivity (soil adjusted vegetation index, SAVI) to community-weighted means (a-c), variances (d-f), skewness (g-i), and kurtosis (j-l) of SLA (a, d, g, j), LNC (b, e, h, k), and HGT (c, f, i, l) and to rare species cover abundance (m). Rare species cover abundance is the summed cover abundance of species with <1% occurrence frequency. Lines represent medians and polygons are 95%-confidence intervals of 100 models fitted on resampled data. CWV, CWS, and CWK of all traits and CWM of HGT were log-transformed. 


Fig. S7 | Traits of different definitions of key(stone) species. Ordinary species and key (a, c) and keystone species (b, d), are shown in a two-dimensional representation of trait space (PCA axes with explained variance in brackets, see Methods). Top and bottom row represent definitions of key(stone) species based on the 95th and the 90th percentiles of overall contribution and effect size, respectively. Key species are shown as squares, keystone species as triangles. Colors encode plant type: dark green represents grasses; orange represents forbs; blue represents sedges; and purple represents legumes. Remaining, ordinary species are shown as grey circles. Isolines are Gaussian mixture density functions of the distributions of key(stone) species (black) and ordinary species (grey), respectively. 
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Fig. S8 | Partial responses of productivity to community-weighted skewness and kurtosis across 25 habitats. Partial responses of productivity (soil adjusted vegetation index, SAVI) to community-weighted means (a-c) and community-weighted variances (d-f) of SLA (a, d), LNC (b, e), and HGT (c, f) across 25 subsampled datasets from similar environments. Curve types are classified as increasing (blue), decreasing (dark red), concave positive (pink), unimodal (yellow), and non-significant (grey, see Methods). Axes are a rotation of the first two principal components of environmental space with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity levels and superimposed isolines represent the density of observations. 



Fig. S9 | Importance and traits of keystone species across 25 habitats. a, increase in productivity per percent cover (effect size), and explained deviance added to the reference model (overall contribution) of keystone species of all habitats. Keystone species are colored according to plant type (see legend); ring size represents the number of habitats in which a species belongs to the keystone-species set; the four most global keystone species are highlighted with semi-transparent filling. b-e, added explained deviance across environmental space for the four most global keystone species. Circles are only shown for habitats where the species are in the set of keystone species. f, centroids of keystone-species sets (colored circles) and ordinary-species sets (grey rings) from each habitat in a two-dimensional representation of trait space (PCA axes with explained variance in brackets, see Methods). Point pairs are connected by grey lines. g, magnitude and direction of shifts between the centroids of keystone and ordinary species, with directions corresponding to the axes in panel f. Axes in panels b-e and g are a rotation of the first two principal components of environmental space with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity levels and superimposed isolines represent the density of observations.



Fig. S10 | Explained deviance added by community-level predictors and key-species cover across 50 habitats. a, identity and added explained deviance of smooth terms of best-performing community-level predictors. b, plant type and explained deviance of best-performing key species. Axes are a rotation of the first two principal components of environmental space (see Methods) with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity (soil adjusted vegetation index, SAVI) levels and superimposed isolines represent the density of observations.



Fig. S11 | Explained deviance added by community-level predictors and key-species cover across five habitats. a, identity and added explained deviance of smooth terms of best-performing community-level predictors. b, plant type and explained deviance of best-performing key species. Axes are a rotation of the first two principal components of environmental space (see Methods) with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity (soil adjusted vegetation index, SAVI) levels and superimposed isolines represent the density of observations.

Fig. S12 | Partial responses of productivity to community-weighted means and variances across 50 habitats. Partial responses of productivity (soil adjusted vegetation index, SAVI) to community-weighted means (a-c) and community-weighted variances (d-f) of SLA (a, d), LNC (b, e), and HGT (c, f) across 50 subsampled datasets from similar environments. Curve types are classified as increasing (blue), decreasing (dark red), concave positive (pink), unimodal (yellow), and non-significant (grey, see Methods). Axes are a rotation of the first two principal components of environmental space with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity levels and superimposed isolines represent the density of observations. 



Fig. S13 | Partial responses of productivity to community-weighted means and variances across five habitats. Partial responses of productivity (soil adjusted vegetation index, SAVI) to community-weighted means (a-c) and community-weighted variances (d-f) of SLA (a, d), LNC (b, e), and HGT (c, f) across five subsampled datasets from similar environments. Curve types are classified as increasing (blue), decreasing (dark red), concave positive (pink), unimodal (yellow), and non-significant (grey, see Methods). Axes are a rotation of the first two principal components of environmental space with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity levels and superimposed isolines represent the density of observations. 





Fig. S14 | Importance and traits of key species across 50 habitats. a, increase in productivity per percent cover (effect size), and explained deviance added to the reference model (overall contribution) of key species of all habitats. Key species are colored according to plant type (see legend); ring size represents the number of habitats in which a species belongs to the key-species set; the four most global key species are highlighted with semi-transparent filling. b-e, added explained deviance across environmental space for the four most global key species. Circles are only shown for habitats where the species are in the set of key species. f, centroids of key-species sets (colored circles) and ordinary-species sets (grey rings) from each habitat in a two-dimensional representation of trait space (PCA axes with explained variance in brackets, see Methods). Point pairs are connected by grey lines. g, magnitude and direction of shifts between the centroids of keystone and ordinary species, with directions corresponding to the axes in panel f. Axes in panels b-e and g are a rotation of the first two principal components of environmental space with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity levels and superimposed isolines represent the density of observations.



Fig. S15 | Importance and traits of key species across five habitats. a, increase in productivity per percent cover (effect size), and explained deviance added to the reference model (overall contribution) of key species of all habitats. Key species are colored according to plant type (see legend); ring size represents the number of habitats in which a species belongs to the key-species set; the four most global key species are highlighted with semi-transparent filling. b-e, added explained deviance across environmental space for the four most global key species. Circles are only shown for habitats where the species are in the set of key species. f, centroids of key-species sets (colored circles) and ordinary-species sets (grey rings) from each habitat in a two-dimensional representation of trait space (PCA axes with explained variance in brackets, see Methods). Point pairs are connected by grey lines. g, magnitude and direction of shifts between the centroids of keystone and ordinary species, with directions corresponding to the axes in panel f. Axes in panels b-e and g are a rotation of the first two principal components of environmental space with arrows representing loadings for increasing temperature, soil fertility, and humidity. Surface depicts inverse-squared-distance interpolation of productivity levels and superimposed isolines represent the density of observations.




Fig. S16 | Added explained deviance by key species versus random expectation. Black line illustrates added explained deviance of the 38 key species identified in the full data set (see also Table S3). Dark red line shows top 38 simulated species that were generated by randomly permuting the cover values of each of our 500 candidate species and repeating key-species identification analysis. This randomization procedure allows assessing random expectation of added explained deviance by simply adding more predictors for our data and set up.



[bookmark: _GoBack]Fig. S17 | Spearman correlation coefficients between community-weighted moments, and cover values of grasses, forbs, and legumes. Green circles represent absolute Spearman correlation coefficients below 0.7; orange circles represent absolute Spearman correlation coefficients between 0.7 and 0.9. CWM, CWV, CWS, and CWK represent community-weighted mean, variance, skewness, and kurtosis, respectively and HGT, SLA, and LNC represent reproductive height, specific leaf area, and leaf nitrogen content, respectively.
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