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Supplementary Material 

Fig. S1. Pairwise correlation of all traits used in the analysis. Scatterplots represent species mean trait 
correlations after correction for study design and publication. D – average root diameter, SRL – specific root 
length, RTD – root tissue density, N – root nitrogen content, CF – root cortex fraction, %M – arbuscular 
mycorrrhizal colonization intensity, lifespan – mean root lifespan. Regression lines represent significant 
correlations (blue) and significant phylogenetically corrected bivariate relationships calculated by fitting 
Phylogenetic Generalized Least Square models (black). Correlation coefficients are presented for the data 
without (blue) and with phylogenetic correction (black). Note that for the pairwise correlation of CF~%M as 
well as N~lifespan the two regression lines are too close to be distinguishable by eye. 
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Fig. S2. The root economics space without phylogenetic correction. The general pattern of the root 
economics space showing the collaboration gradient and the conservation gradient can also be detected in a 
non-phylogenetically corrected principal component analysis. D – average root diameter, SRL – specific root 
length, RTD – root tissue density and N – root nitrogen content. Principal component analysis of the core 
species set (n=748). See Table S1 for the principal component analysis. 

Fig. S3. The collaboration gradient represents the main axis in the root economics space of plants 
associated with nitrogen fixing bacteria. D – average root diameter, SRL – specific root length, RTD – root 
tissue density and N – root nitrogen content. Phylogenetically informed principal component analysis of the 
core species set (n=748) with plants associated with N-fixing bacteria highlighted in red (A). N-fixers differed 
from the rest by being located on the “fast” side of the conservation gradient associated with high root nitrogen 
content (table S4). Within the N-fixing subset the collaboration gradient appeared to be the first axis while the 
conservation gradient loaded on principal component 2 and 3 (B, C). See Table S1 for the principal component 
analysis. 
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Fig. S4. The root economics space is present in different growth forms. D – average root diameter, SRL 
– specific root length, RTD – root tissue density and N – root nitrogen content. Root traits and trait relations 
are known to vary among plant growth forms (11, 28, 62). We found no respective between group variation 
within the root economics space (table S4). Still, to test whether the concept is broadly generalizable, we 
present separate PCAs for woody (A) and non-woody (B) species. We found that the root economics space 
was apparent within both plant growth forms. See table S1 for principal component analysis.
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Table S1. The root economics space can be detected irrespective of mycorrhizal association, N-fixing 
ability, biome or growth form. Analysis of the core species set with full information for the four core traits. 
Presented here is a principal component analyses of the global species set based on raw data as shown in fig 
S2 and phylogenetically informed principal component analyses of the global species set as well as different 
species subsets as shown in Fig. 2A, B and C, fig S2, 3 and 4. Displayed is the Eigenvalue as well as the 
proportion of variance explained by each principal component (PC) and the loadings of the root traits. D – 
average root diameter, SRL – specific root length, RTD – root tissue density and N – root nitrogen content.

PC1 PC2 PC3 PC4

Global 
species 
(raw)
n=748
fig. S2

Eigenvalue 1.408 1.078 0.863 0.335
Variance 0.496 0.291 0.186 0.028
D 0.673 -0.171 0.125 0.709
SRL -0.569 0.496 0.194 0.626
RTD -0.376 -0.594 -0.632 0.325
N 0.285 0.610 -0.740 0.006

Global 
species 
n=748
Fig. 2A

Eigenvalue 1.332 1.143 0.878 0.387
Variance 0.443 0.327 0.193 0.037
D 0.960 0.058 0.067 0.266
SRL -0.882 0.351 0.187 0.251
RTD -0.263 -0.791 -0.538 0.127
N 0.062 0.744 -0.665 -0.005

AM
n=621
Fig. 2B

Eigenvalue 1.324 1.144 0.890 0.384
Variance 0.438 0.327 0.198 0.037
D 0.945 0.191 -0.055 -0.260
SRL -0.916 0.254 -0.184 -0.252
RTD -0.126 -0.829 0.530 -0.128
N -0.073 0.722 0.688 0.011

EM
n=94
Fig. 2C

Eigenvalue 1.376 1.105 0.869 0.360
Variance 0.474 0.305 0.189 0.033
D 0.946 0.169 -0.117 0.251
SRL -0.807 -0.465 -0.291 0.218
RTD -0.532 0.648 0.529 0.133
N 0.255 -0.746 0.614 0.037

N-fixers
n=47
fig. S2

Eigenvalue 1.409 1.055 0.889 0.333
Variance 0.496 0.278 0.198 0.028
D 0.817 0.510 -0.172 -0.209
SRL -0.949 -0.006 0.210 -0.233
RTD 0.305 -0.885 -0.334 -0.110
N 0.569 -0.266 0.779 -0.031

Temperate
n=329
Fig. 3A

Eigenvalue 1.409 1.082 0.831 0.382
Variance 0.497 0.293 0.173 0.038
D 0.943 -0.175 0.003 -0.282
SRL -0.802 0.503 -0.210 -0.245
RTD -0.592 -0.543 0.586 -0.106
N 0.320 0.771 0.551 0.021

Tropical
n=81
Fig. 3B

Eigenvalue 1.342 1.189 0.830 0.211
Variance 0.450 0.353 0.172 0.024
D 0.970 -0.077 0.092 0.211
SRL -0.765 0.575 0.223 0.189
RTD -0.437 -0.730 -0.477 0.128
N 0.228 0.738 -0.635 0.001



Arid
n=10
Fig. 3C

Eigenvalue 1.431 1.120 0.752 0.365
Variance 0.512 0.314 0.141 0.033
D 0.932 0.109 0.241 0.248
SRL -0.946 0.115 -0.154 0.261
RTD 0.366 -0.796 -0.478 0.057
N 0.387 0.772 -0.505 -0.015

Continental
n=91
Fig. 3D/E

Eigenvalue 1.317 1.056 0.973 0.450
Variance 0.434 0.279 0.237 0.051
D 0.923 -0.170 0.164 -0.303
SRL -0.915 -0.263 -0.043 -0.303
RTD 0.022 0.887 -0.442 -0.134
N -0.214 0.481 0.850 -0.026

Woody
n=498
fig. S3A

Eigenvalue 1.365 1.127 0.854 0.370
Variance 0.466 0.318 0.182 0.034
D 0.958 -0.107 -0.064 -0.260
SRL -0.822 0.473 -0.216 -0.233
RTD -0.471 -0.686 0.541 -0.122
N 0.224 0.751 0.621 -0.002

Non-woody
n=207
fig. S3B

Eigenvalue 1.390 1.009 0.922 0.448
Variance 0.483 0.254 0.213 0.050
D 0.825 0.464 -0.148 0.287
SRL -0.931 -0.160 -0.043 0.324
RTD 0.495 -0.569 0.646 0.113
N -0.372 0.672 0.640 -0.026

Table S2. Principal component analysis based on phylogenetically corrected bivariate relationships of 
all trait pairs. Displayed are the standard deviation (SD) and the loadings of the root traits for each principal 
component (PC) which were used to create Fig 2E. D – average root diameter, SRL – specific root length, 
RTD – root tissue density, N – root nitrogen content, CF – root cortex fraction, %M – arbuscular mycorrhizal 
colonization intensity, lifespan – mean root lifespan. 

PC1 PC2 PC3 PC4 PC5 PC6 PC7
SD 1.423 1.244 1.097 0.946 0.799 0.710 0.433
D 0.590 0.006 0.152 0.446 0.112 0.088 0.640
SRL -0.556 0.226 -0.397 -0.113 -0.034 0.134 0.671
RTD -0.097 -0.487 0.498 -0.510 0.076 -0.329 0.363
N -0.037 0.650 0.257 0.077 -0.194 -0.682 0.042
CF 0.364 0.188 -0.432 -0.434 0.635 -0.243 -0.012
%M 0.447 0.085 -0.196 -0.491 -0.700 0.132 0.080
lifespan 0.015 -0.496 -0.529 0.306 -0.224 -0.574 0.021

  



Table S3. All traits show strong phylogenetic signal.  Displayed is Pagel´s lambda of all traits within the 
entire dataset as well as of the two proposed root economics gradients within the core 748 species. D – average 
root diameter, SRL – specific root length, RTD – root tissue density, N – root nitrogen content, CF – root 
cortex fraction, %M – arbuscular mycorrhizal colonization intensity, lifespan – mean root lifespan. 

Lambda P
SRL 0.620 < 0.0001
D 0.752 < 0.0001
N 0.558 < 0.0001
RTD 0.490 < 0.0001
CF 0.432 < 0.0001
%M 0.614 < 0.0001
lifespan 0.391 0.0005
Collaboration gradient 0.799 < 0.0001
Conservation gradient 0.491 < 0.0001

Table S4. Permutational multivariate analysis on 748 species displaying variation between mycorrhizal 
types, biomes, plant growth form and nitrogen (N) fixing capacity. AM - arbuscular mycorrhizal (n=621), 
EM – ectomycorrhizal (n=94), NM – non mycorrhizal (n=17), ErM – ericoid mycorrhizal (n=13), AM+EM 
(n=3). 

Pairs Sums of squares F R² P
AM vs EM 17873.91 25.94 0.035 0.003
AM vs NM 4247.95 5.86 0.009 0.025
EM vs AM+EM 112677 2.37 0.024 0.153
NM vs AM+EM 483.82 0.59 0.032 0.556
AM vs AM+EM 1494.89 2.08 0.003 0.171
EM vs NM 529.81 0.99 0.009 0.448
AM vs ErM 15943.58 22.07 0.034 0.003
EM vs ErM 5096.54 9.90 0.086 0.003
NM vs ErM 2892.91 3.45 0.110 0.096
AM+EM vs ErM 1658.14 2.32 0.142 0.171
Temperate vs tropical 1470.99 1.73 0.004 0.351
Temperate vs arid 344.433 0.43 0.001 0.697
Tropical vs continental 2015.41 2.89 0.017 0.351
Tropical vs arid 102.73 0.11 0.001 0.907
Temperate vs continental 963.34 1.33 0.003 0.351
Arid vs continental 756.13 1.76 0.018 0.351
Woody vs non-woody 3431.28 4.73 0.007 0.011
N-fixing vs non-fixing 12843.62 17.77 0.023 0.001



Table S5. Mean and kurtosis values of four fine root functional traits for multiple clades in the 
Spermatophytes. Values are standardized to represent deviation from the mean of each trait, so negative 
and positive values indicate clade relative mean deviation from the mean value for the entire phylogeny 
(1,810 species). Bold values represent clades that had mean or kurtosis values different (95% confidence 
interval) from the overall values for the entire phylogeny. Positive kurtosis values indicate underdispersion 
of values in the clade, whereas negative values represent overdispersion. ‘n’ indicates the number of species 
per clade and ‘se’ the standard error of the mean. Phylogenetic patterns in root trait distribution confirm the 
previous observations that ancestry explains a remarkable amount of variation in seed plants and contrasting 
trait patterns among numerous clades. For instance, our study confirms the relative large root diameter (D) 
prevalent in the Magnoliids and Gymnosperms compared to other seed plant groups (62). Magnoliids also 
showed lower root tissue density (RTD) and Magnoliales higher root nitrogen content (N) than other seed 
plants, highlighting the particular set of traits in this group. On the other hand, Caryophyllales and Myrtales 
showed smaller D, higher specific root length (SRL) and RTD than other clades. Monocots and Poales showed 
high SRL and low N compared to other plants. The clade of Fagales and Fabales also showed higher RTD and 
N than most clades, possibly showing the ubiquitous association of these species with N-fixing bacteria and 
the dominance of woody species (29, 63). Most of the Lamiidae clades showed low RTD values indicating the 
dominance of non-woody plants in these clades. Patterns in the evenness of the distribution among clades were 
also interesting. Campanuliids showed a remarkable conservatism in D, whereas Fabales and Fagales showed 
tight variation in N content. RTD was particularly low in Magnoliid and Lamiales, contrasting with the high 
values registered among Myrtales, Fagales and Rosales (28). 

Diameter
Clade n mean se 05% CI 95% CI kurtosis 05% CI 95% CI
Spermatophyta 1524 -0.008 0.013 3.307 -0.030 0.020 -1.270 1.320
Gymnosperms 65 0.150 0.052 3.790 0.030 0.280 -4.191 4.110
Pinales 31 0.051 0.044 0.130 -0.130 0.240 -6.570 1.020
Cupressales 31 0.267 0.074 1.415 0.090 0.450 -5.190 2.290
Angiosperms 1459 -0.022 0.016 3.108 -0.040 0.020 -1.620 1.300
Magnoliids 88 0.649 0.049 -0.333 0.550 0.760 8.210 0.240
Laurales 46 0.606 0.080 -0.605 0.460 0.760 8.061 0.000
Lauraceae 45 0.600 0.082 -0.615 0.450 0.750 8.311 -0.020
Magnoliales 41 0.690 0.055 -0.534 0.530 0.850 7.980 0.160
Magnoliaceae 34 0.691 0.052 -0.580 0.520 0.870 7.500 0.240
Monocots 285 0.005 0.028 4.548 -0.050 0.070 -1.570 3.740
Poales 129 -0.078 0.040 6.116 -0.160 0.020 -1.270 5.910
Poaceae 78 -0.207 0.028 1.126 -0.320 -0.090 -6.850 1.280
Basal Eudicots 31 0.046 0.065 0.640 -0.140 0.230 -6.040 1.520
Eudicots 1083 -0.076 0.015 4.435 -0.100 0.040 -0.360 2.680
Rosids + Saxifragales 568 -0.152 0.022 4.312 -0.190 -0.100 -1.000 3.020
Rosids 553 -0.153 0.022 4.354 -0.190 -0.100 -0.980 3.070
Fabids 372 -0.142 0.024 2.401 -0.190 -0.080 -3.371 1.380
Fagales + Fabales 296 -0.100 0.028 2.997 -0.150 -0.030 -3.021 2.140
Fagales 177 -0.252 0.034 4.335 -0.320 -0.170 -2.460 3.910
Rosales 94 -0.204 0.051 5.594 -0.310 -0.100 -2.311 5.650
Rosaceae 62 -0.203 0.061 9.087 -0.330 -0.070 1.220 9.450
Fagales 83 -0.306 0.043 0.570 -0.410 -0.190 -7.321 0.680
Fagaceae 78 -0.327 0.043 0.625 -0.440 -0.210 -7.250 0.790
Fabaceae 119 0.126 0.038 1.255 0.040 0.230 -6.281 1.090
Malpighiales 74 -0.305 0.049 -0.018 -0.420 -0.180 -7.840 0.200
Malvids 177 -0.182 0.046 5.132 -0.250 -0.100 -1.630 4.660
Sapindales 68 -0.124 0.081 4.062 -0.240 0.000 -3.950 4.340
Malvales 41 0.034 0.106 4.231 -0.120 0.200 -3.511 4.900
Myrtales 42 -0.467 0.065 -0.884 -0.620 -0.310 -8.161 -0.240



Myrtaceae 31 -0.550 0.076 -0.874 -0.730 -0.370 -7.651 0.020
Caryophyllales + Asterids 484 0.005 0.021 5.207 -0.030 0.060 -0.300 4.030
Caryophyllales 34 -0.208 0.050 -0.885 -0.380 -0.030 -8.102 -0.050
Asterids 447 0.020 0.023 5.176 -0.020 0.070 -0.461 4.040
Campanuliids 225 0.101 0.031 9.133 0.040 0.170 2.720 8.520
Asterales 176 0.086 0.033 12.915 0.010 0.170 6.060 12.460
Asteraceae 172 0.098 0.033 13.292 0.020 0.180 6.260 12.860
Apiales 31 0.120 0.104 1.459 -0.060 0.300 -5.200 2.350
Lamiids 143 -0.025 0.034 1.118 -0.110 0.070 -6.030 0.860
Lamiales 66 -0.006 0.036 -0.352 -0.130 0.120 -8.250 -0.050
Gentianales 44 -0.096 0.085 0.005 -0.250 0.060 -7.570 0.620
Ericales 67 -0.189 0.065 0.361 -0.310 -0.060 -7.731 0.671

Specific Root Length
Clade n mean se 05% CI 95% CI kurtosis 05% CI 95% CI
Spermatophyta 1636 0.013 0.012 0.173 -0.020 0.020 -0.210 0.210
Gymnosperms 68 -0.229 0.043 5.326 -0.360 -0.130 4.170 6.130
Pinales 34 -0.192 0.046 1.050 -0.360 -0.050 -0.370 2.150
Cupressales 31 -0.300 0.056 -0.532 -0.480 -0.140 -1.990 0.640
Angiosperms 1568 0.024 0.012 0.152 -0.010 0.040 -0.230 0.200
Magnoliids 88 -0.424 0.031 -0.151 -0.540 -0.340 -1.201 0.550
Laurales 46 -0.434 0.045 -0.455 -0.580 -0.310 -1.771 0.510
Lauraceae 43 -0.424 0.048 -0.523 -0.580 -0.300 -1.860 0.480
Magnoliales 41 -0.410 0.045 0.121 -0.570 -0.280 -1.260 1.150
Magnoliaceae 34 -0.415 0.043 0.107 -0.590 -0.260 -1.330 1.210
Monocots 215 0.162 0.031 0.256 0.090 0.210 -0.470 0.660
Poales 182 0.209 0.032 0.425 0.130 0.270 -0.350 0.880
Poaceae 152 0.215 0.036 0.556 0.130 0.280 -0.290 1.060
Basal Eudicots 34 0.042 0.066 -0.462 -0.130 0.190 -1.871 0.641
Rosids + Saxifragales 625 0.041 0.019 0.281 -0.010 0.070 -0.230 0.450
Rosids 416 0.008 0.023 0.107 -0.050 0.040 -0.460 0.350
Fabids 413 0.008 0.023 0.091 -0.050 0.040 -0.490 0.330
Rosales 103 0.106 0.046 -0.038 0.000 0.190 -1.010 0.600
Rosaceae 64 0.081 0.060 -0.450 -0.050 0.190 -1.640 0.390
Fagales 79 0.128 0.040 1.638 0.010 0.220 0.550 2.380
Fagaceae 51 0.080 0.045 3.147 -0.060 0.200 0.178 4.070
Fabales 143 -0.242 0.036 -0.239 -0.330 -0.180 -1.090 0.290
Fabaceae 142 -0.246 0.036 -0.231 -0.340 -0.180 -1.110 0.300
Malpighiales 60 0.205 0.054 -0.810 0.070 0.310 -2.070 0.050
Saxifragales + Rosids 194 0.118 0.038 0.509 0.040 0.170 -0.250 0.940
Malvids 179 0.132 0.039 0.492 0.050 0.190 -0.280 0.960
Sapindales 71 0.054 0.061 0.688 -0.070 0.150 -0.440 1.470
Sapindaceae 30 0.183 0.049 -0.597 0.010 0.340 -2.080 0.560
Malvales 42 -0.078 0.080 -0.429 -0.230 0.050 -1.801 0.580
Myrtales 46 0.279 0.057 1.086 0.130 0.410 -0.190 2.060
Myrtaceae 38 0.283 0.065 1.072 0.120 0.420 -0.370 2.120
Caryophyllales + Asterids 603 0.024 0.019 0.285 -0.030 0.050 -0.230 0.460
Asterids 533 0.017 0.020 0.325 -0.030 0.040 -0.210 0.530
Campanuliids 452 -0.002 0.021 0.251 -0.060 0.030 -0.300 0.490
Caryophyllales 70 0.079 0.053 -0.051 -0.040 0.180 -1.210 0.731
Asterales 293 -0.022 0.025 0.187 -0.090 0.020 -0.481 0.510
Asteraceae 217 -0.025 0.028 0.143 -0.100 0.030 -0.591 0.540
Apiales 35 -0.093 0.075 -1.085 -0.260 0.050 -2.490 0.010



Lamiids 159 0.034 0.040 0.124 -0.050 0.100 -0.720 0.620
Lamiales 106 -0.029 0.046 0.295 -0.130 0.050 -0.690 0.930
Lamiaceae 30 0.023 0.074 -0.573 -0.160 0.180 -2.060 0.600
Gentianales 46 0.176 0.075 -0.466 0.030 0.300 -1.790 0.510
Ericales + Cornales 81 0.126 0.060 0.387 0.010 0.210 -0.700 1.110
Ericales 68 0.194 0.057 -0.434 0.070 0.290 -1.560 0.361

Root Tissue Density
Clade n mean se 05% CI 95% CI kurtosis 05% CI 95% CI
Spermatophyta 1343 0.025 0.016 1.256 -0.030 0.030 -0.640 0.570
Gymnosperms 47 0.148 0.095 -0.455 -0.050 0.291 -4.380 0.310
Pinales 52 0.043 0.050 0.706 -0.150 0.180 -3.051 1.390
Cupressales 50 0.077 0.045 0.395 -0.120 0.220 -3.350 1.101
Angiosperms 1291 0.024 0.017 1.189 -0.030 0.030 -0.700 0.530
Magnoliids 88 -0.357 0.048 -0.092 -0.510 -0.260 -3.621 0.320
Laurales 46 -0.287 0.074 -0.722 -0.490 -0.140 -4.570 0.021
Lauraceae 43 -0.267 0.079 -0.782 -0.480 -0.120 -4.751 0.020
Magnoliales 41 -0.437 0.057 1.428 -0.650 -0.270 -2.461 2.240
Magnoliaceae 34 -0.465 0.055 1.890 -0.700 -0.290 -1.800 2.830
Monocots 210 0.072 0.043 0.703 -0.040 0.130 -2.060 0.710
Poales 186 0.143 0.042 0.009 0.030 0.200 -2.850 0.061
Poaceae 166 0.142 0.044 0.020 0.030 0.210 -2.970 0.121
Eudicots 1078 0.016 0.019 1.322 -0.040 0.030 -0.620 0.700
Core Eudicots 990 0.049 0.019 1.328 -0.010 0.060 -0.650 0.740
Pentapetalae 961 0.055 0.020 1.191 -0.010 0.070 -0.790 0.600
Rosids + Saxifragales 513 0.174 0.028 1.088 0.100 0.200 -1.140 0.730
Rosids 498 0.175 0.029 1.076 0.100 0.200 -1.160 0.730
Fabids 331 0.163 0.033 1.029 0.070 0.200 -1.420 0.830
Fagales + Fabales 158 0.291 0.050 0.908 0.170 0.360 -2.110 1.040
Rosales 82 0.190 0.067 0.205 0.040 0.290 -3.410 0.641
Rosaceae 49 0.238 0.077 0.277 0.040 0.380 -3.500 1.020
Fagales 71 0.408 0.077 1.584 0.240 0.520 -2.120 2.090
Fagaceae 67 0.391 0.080 1.491 0.220 0.510 -2.150 2.040
Fabales 102 0.026 0.052 1.365 -0.120 0.110 -2.040 1.681
Fabaceae 101 0.026 0.053 1.323 -0.120 0.120 -2.020 1.670
Malpighiales 69 0.054 0.075 1.240 -0.110 0.170 -2.421 1.770
Saxifragales + Rosids 167 0.198 0.054 0.890 0.080 0.260 -2.060 1.010
Malvids 163 0.209 0.055 0.861 0.090 0.280 -2.141 0.980
Malvales 114 0.132 0.064 0.134 -0.010 0.220 -3.120 0.411
Sapindales 61 0.068 0.088 1.026 -0.110 0.200 -2.691 1.620
Sapindaceae 44 0.048 0.101 1.366 -0.160 0.200 -2.480 2.150
Myrtales 40 0.374 0.101 0.197 0.160 0.530 -3.590 1.030
Myrtaceae 32 0.467 0.117 0.688 0.230 0.650 -3.980 0.690
Caryophyllales + Asterids 448 -0.083 0.026 0.865 -0.160 -0.050 -1.420 0.560
Asterids 420 -0.106 0.026 1.251 -0.190 -0.070 -1.081 0.970
Campanuliids 209 -0.159 0.033 1.160 -0.270 -0.100 -1.660 1.170
Asterales 151 -0.218 0.035 0.900 -0.340 -0.150 -2.190 1.060
Asteraceae 147 -0.213 0.035 1.051 -0.330 -0.140 -1.980 1.201
Dipsacales 30 0.070 0.079 0.544 -0.180 0.260 -3.011 1.560
Lamiids 134 -0.142 0.048 0.608 -0.270 -0.060 -2.570 0.821
Lamiales 80 -0.181 0.062 -0.210 -0.340 -0.070 -3.701 0.250
Gentianales 42 -0.090 0.091 1.389 -0.300 0.060 -2.421 2.210
Ericales 59 0.164 0.079 0.853 -0.020 0.290 -2.891 1.480



Root Nitrogen Content
Clade n mean se 05% CI 95% CI kurtosis 05% CI 95% CI
Spermatophyta 1140 0.004 0.018 0.557 -0.030 0.040 -0.320 0.300
Gymnosperms 55 -0.154 0.041 3.454 -0.320 0.000 1.550 4.180
Pinales 54 -0.177 0.034 -0.222 -0.340 -0.020 -2.111 0.500
Cupressales 32 -0.136 0.045 -0.350 0.299 0.070 -1.760 1.340
Angiosperms 1085 0.012 0.019 -0.030 0.461 0.040 -0.440 0.210
Magnoliids 77 0.431 0.045 0.061 0.290 0.560 -1.700 0.610
Laurales 38 0.523 0.067 -0.613 0.320 0.710 -2.681 0.330
Lauraceae 35 0.477 0.066 -0.371 0.270 0.670 -2.460 0.600
Magnoliales 38 0.348 0.058 0.225 0.150 0.540 -1.770 1.150
Magnoliaceae 33 0.344 0.059 0.494 0.130 0.550 -1.551 1.530
Monocots 181 -0.323 0.043 -0.198 -0.410 -0.240 -1.540 -0.020
Poales 163 -0.318 0.047 -0.256 -0.410 -0.230 -1.630 -0.030
Poaceae 146 -0.289 0.048 -0.031 -0.390 -0.190 -1.470 0.230
Eudicots 901 0.079 0.020 0.523 -0.040 0.110 -0.400 0.310
Core Eudicots 824 0.046 0.021 0.601 0.000 0.080 -0.340 0.400
Rosids + Saxifragales 400 0.136 0.033 0.168 0.070 0.190 -0.940 0.130
Rosids 386 0.151 0.033 0.137 0.090 0.210 -0.970 0.100
Fabids 278 0.245 0.040 -0.228 0.170 0.310 -1.440 -0.170
Rosales 73 -0.013 0.075 0.738 -0.160 0.120 -1.110 1.320
Rosaceae 46 -0.173 0.062 -0.297 -0.350 0.000 -2.220 0.520
Fagales 60 -0.025 0.054 4.590 -0.180 0.120 0.027 5.270
Fagaceae 35 -0.082 0.069 0.624 -0.290 0.110 -1.500 1.610
Fabaceae 77 0.815 0.074 0.288 0.970 0.950 0.260 2.160
Malpighiales 42 0.106 0.076 1.082 -0.090 0.280 -0.950 1.960
Saxifragales + Rosids 108 -0.090 0.054 0.291 -0.210 0.020 -1.300 0.680
Malvids 100 -0.097 0.056 0.391 -0.220 0.020 -1.250 0.810
Sapindales + Malvales 65 -0.027 0.066 -0.599 -0.180 0.110 -2.410 0.030
Sapindales 46 -0.006 0.079 -0.424 -0.181 0.170 -2.440 0.410
Sapindaceae 36 -0.052 0.078 -0.885 -0.016 0.250 -2.931 0.070
Caryophyllales + Asterids 403 -0.040 0.028 0.840 -0.100 0.020 -0.250 0.800
Caryophyllales 54 -0.035 0.091 -0.089 -0.200 0.120 -2.050 0.640
Asterids 349 -0.040 0.029 0.992 -0.110 0.020 -0.140 0.980
Campanuliids 281 0.021 0.032 0.694 -0.050 0.090 -0.510 0.730
Asterales 133 0.009 0.047 1.565 -0.100 0.110 0.070 1.860
Asteraceae 130 0.010 0.047 1.561 -0.100 0.110 0.060 1.860
Lamiids 93 0.112 0.054 0.660 -0.020 0.230 -0.940 1.130
Lamiales 41 0.084 0.080 -0.615 -0.110 0.260 -2.590 0.270
Gentianales 33 0.166 0.079 -0.627 -0.050 0.370 -2.680 0.400
Ericales + Cornales 68 -0.294 0.057 2.139 -0.440 -0.150 -0.310 2.760



Table S6. Plant families included in the analysis and their taxonomic groupings used for this study. 
Presented are the superorders displayed in Figure 4 as well as the orders analyzed for table S5.
Family Order Superorder
Acanthaceae Lamiales Asterids
Actinidiaceae Ericales Asterids
Adoxaceae Dipsacales Asterids
Alismataceae Alistamatales Monocots
Altingiaceae Saxifragales Rosids
Amaranthaceae Caryophyllales Asterids
Amaryllidaceae Asparagales Monocots
Anacardiaceae Sapindales Rosids
Annonaceae Magnoliales Magnoliids
Apiaceae Asterales Asterids
Apocynaceae Gentianales Asterids
Aquifoliaceae Aquifoliales Asterids
Araceae Alistamatales Monocots
Araliaceae Apiales Asterids
Araucariaceae Pinales Gymnosperms
Arecaceae Arecales Monocots
Asparagaceae Asparagales Monocots
Asteliaceae Asparagales Monocots
Asteraceae Asterales Asterids
Atherospermataceae Laurales Magnoliids
Balsaminaceae Ericales Asterids
Berberidaceae Ranunculales Basal Angiosperms
Betulaceae Fagales Rosids
Bignoniaceae Lamiales Asterids
Boraginaceae Boraginales Asterids
Brassicaceae Brassicales Rosids
Burseraceae Sapindales Rosids
Calycanthaceae Laurales Magnoliids
Campanulaceae Asterales Asterids
Cannabaceae Rosales Rosids
Caprifoliaceae Dipsacales Asterids
Caricaceae Brassicales Rosids
Caryophyllaceae Caryophyllales Asterids
Celastraceae Celastrales Rosids
Cercidiphyllaceae Saxifragales Rosids
Chloranthaceae Chloranthales Magnoliids
Chrysobalanaceae Malpighiales Rosids
Cistaceae Malvales Rosids
Clusiaceae Malpighiales Rosids
Combretaceae Myrtales Rosids
Commelinaceae Commelinales Monocots
Convolvulaceae Asterales Asterids
Coriariaceae Cucurbitales Rosids
Cornaceae Cornales Asterids
Corynocarpaceae Cucurbitales Rosids
Cucurbitaceae Cucurbitales Rosids
Cunoniaceae Oxalidales Rosids
Cupressaceae Cupressales Gymnosperms



Cyperaceae Poales Monocots
Daphniphyllaceae Saxifragales Rosids
Dioscoreaceae Dioscoreales Monocots
Dipterocarpaceae Malvales Rosids
Ebenaceae Ericales Asterids
Elaeagnaceae Ericales Asterids
Elaeocarpaceae Oxalidales Rosids
Ephedraceae Pinales Gymnosperms
Ericaceae Ericales Asterids
Euphorbiaceae Malpighiales Rosids
Eupteleaceae Ranunculales Basal Angiosperms
Fabaceae Fabales Rosids
Fagaceae Fabales Rosids
Gentianaceae Gentianales Asterids
Geraniaceae Geraniales Rosids
Ginkgoaceae Ginkgoales Gymnosperms
Gnetaceae Gnetales Gymnosperms
Griseliniaceae Cornales Asterids
Hamamelidaceae Saxifragales Rosids
Hydrangeaceae Cornales Asterids
Hypericaceae Malpighiales Rosids
Icacinaceae Icacinales Asterids
Iridaceae Asparagales Monocots
Iteaceae Saxifragales Rosids
Juglandaceae Fagales Rosids
Juncaceae Poales Monocots
Juncaginaceae Alistamatales Monocots
Lamiaceae Lamiales Asterids
Lardizabalaceae Ranunculales Basal Angiosperms
Lauraceae Laurales Magnoliids
Lecythidaceae Ericales Asterids
Liliaceae Liliales Monocots
Linaceae Malpighiales Rosids
Lythraceae Myrtales Rosids
Magnoliaceae Magnoliales Magnoliids
Malpighiaceae Malpighiales Rosids
Malvaceae Malvales Rosids
Melanthiaceae Liliales Monocots
Melastomataceae Myrtales Rosids
Meliaceae Sapindales Rosids
Monimiaceae Laurales Magnoliids
Moraceae Rosales Rosids
Moringaceae Brassicales Rosids
Myricaceae Fagales Rosids
Myristicaceae Magnoliales Magnoliids
Myrtaceae Myrtales Rosids
Nitrariaceae Sapindales Rosids
Nothofagaceae Fagales Rosids
Nyctaginaceae Caryophyllales Asterids
Oleaceae Lamiales Asterids
Onagraceae Myrtales Rosids



Orobanchaceae Fagales Rosids
Pandaceae Pandanales Monocots
Paracryphiaceae Paracryphiales Asterids
Pennantiaceae Apiales Asterids
Pentaphylacaceae Ericales Asterids
Phyllanthaceae Malpighiales Rosids
Pinaceae Pinales Gymnosperms
Pittosporaceae Apiales Asterids
Plantaginaceae Lamiales Asterids
Platanaceae Proteales Basal Angiosperms
Plumbaginaceae Asterales Asterids
Poaceae Poales Monocots
Podocarpaceae Cupressales Gymnosperms
Polemoniaceae Asterales Asterids
Polygalaceae Caryophyllales Asterids
Polygonaceae Caryophyllales Asterids
Portulacaceae Caryophyllales Asterids
Primulaceae Ericales Asterids
Proteaceae Proteales Basal Angiosperms
Ranunculaceae Ranunculales Basal Angiosperms
Rhamnaceae Rosales Rosids
Rhipogonaceae Liliales Monocots
Rhizophoraceae Malpighiales Rosids
Rosaceae Rosales Rosids
Rousseaceae Asterales Asterids
Rubiaceae Gentianales Asterids
Rutaceae Sapindales Rosids
Salicaceae Malpighiales Rosids
Santalaceae Santalales Asterids
Sapindaceae Sapindales Rosids
Sapotaceae Ericales Asterids
Saxifragaceae Saxifragales Rosids
Schoepfiaceae Santalales Asterids
Scrophulariaceae Lamiales Asterids
Simaroubaceae Sapindales Rosids
Smilacaceae Liliales Monocots
Solanaceae Solanales Asterids
Styracaceae Ericales Asterids
Tamaricaceae Caryophyllales Asterids
Taxaceae Cupressales Gymnosperms
Theaceae Ericales Asterids
Thymelaeaceae Malvales Rosids
Ulmaceae Rosales Rosids
Urticaceae Rosales Rosids
Verbenaceae Lamiales Asterids
Violaceae Malpighiales Rosids
Vitaceae Vitales Rosids
Winteraceae Canellales Magnoliids
Zingiberaceae Zingiberales Monocots
Zygophyllaceae Zygophyllales Rosids



REFERENCES AND NOTES 

1. P. B. Reich, The world-wide `fast-slow’ plant economics spectrum: A traits manifesto. J. Ecol. 102, 275–301 (2014). 

2. I. J. Wright, P. B. Reich, M. Westoby, D. D. Ackerly, Z. Baruch, F. Bongers, J. Cavender-Bares, T. Chapin, J. H. C. 

Cornelissen, M. Diemer, J. Flexas, E. Garnier, P. K. Groom, J. Gulias, K. Hikosaka, B. B. Lamont, T. Lee, W. Lee, C. 

Lusk, J. J. Midgley, M.-L. Navas, U. Niinemets, J. Oleksyn, N. Osada, H. Poorter, P. Poot, L. Prior, V. I. Pyankov, C. 

Roumet, S. C. Thomas, M. G. Tjoelker, E. J. Veneklaas, R. Villar, The worldwide leaf economics spectrum. Nature 428, 

821–827 (2004). 

3. S. Díaz, J. Kattge, J. H. C. Cornelissen, I. J. Wright, S. Lavorel, S. Dray, B. Reu, M. Kleyer, C. Wirth, I. C. Prentice, E. 

Garnier, G. Bönisch, M. Westoby, H. Poorter, P. B. Reich, A. T. Moles, J. Dickie, A. N. Gillison, A. E. Zanne, J. Chave, 

S. J. Wright, S. N. Sheremet’ev, H. Jactel, C. Baraloto, B. Cerabolini, S. Pierce, B. Shipley, D. Kirkup, F. Casanoves, J. 

S. Joswig, A. Günther, V. Falczuk, N. Rüger, M. D. Mahecha, L. D. Gorné, The global spectrum of plant form and 

function. Nature 529, 167–171 (2016). 

4. D. M. Eissenstat, Costs and benefits of constructing roots of small diameter. J. Plant Nutr. 15, 763–782 (1992). 

5. G. T. Freschet, J. H. C. Cornelissen, R. S. P. van Logtestijn, R. Aerts, Evidence of the ‘plant economics spectrum’ in a 

subarctic flora. J. Ecol. 98, 362–373 (2010). 

6. I. Ostonen, Ü. Püttsepp, C. Biel, O. Alberton, M. R. Bakker, K. Lõhmus, H. Majdi, D. Metcalfe, A. F. M. Olsthoorn, A. 

Pronk, E. Vanguelova, M. Weih, I. Brunner, Specific root length as an indicator of environmental change. Plant Biosyst. 

141, 426–442 (2007). 

7. P. Ryser, L. Eek, Consequences of phenotypic plasticity vs. interspecific differences in leaf and root traits for acquisition 

of aboveground and belowground resources. Am. J. Bot. 87, 402–411 (2000). 

8. M. Weemstra, L. Mommer, E. J. W. Visser, J. van Ruijven, T. W. Kuyper, G. M. J. Mohren, F. J. Sterck, Towards a 

multidimensional root trait framework: A tree root review. New Phytol. 211, 1159–1169 (2016). 

9. K. R. Kramer-Walter, P. J. Bellingham, T. R. Millar, R. D. Smissen, S. J. Richardson, D. C. Laughlin, Root traits are 

multidimensional: Specific root length is independent from root tissue density and the plant economic spectrum. J. Ecol. 

104, 1299–1310 (2016). 

10. D. Kong, J. Wang, H. Wu, O. J. Valverde-Barrantes, R. Wang, H. Zeng, P. Kardol, H. Zhang, Y. Feng, Nonlinearity of 

root trait relationships and the root economics spectrum. Nat. Commun. 10, 2203 (2019). 

11. J. Bergmann, M. Ryo, D. Prati, S. Hempel, M. C. Rillig, Roots traits are more than analogues of leaf traits : The case for 

diaspore mass. New Phytol. 216, 1130–1139 (2017). 

12. M. L. McCormack, C. M. Iversen, Physical and functional constraints on viable belowground acquisition strategies. 

Front. Plant Sci. 10, 1215 (2019). 



13. L. H. Comas, K. E. Mueller, L. L. Taylor, P. E. Midford, H. S. Callahan, D. J. Beerling, Evolutionary patterns and 

biogeochemical significance of angiosperm root traits. Int. J. Plant Sci. 173, 584–595 (2012). 

14. Z. Ma, D. Guo, X. Xu, M. Lu, R. D. Bardgett, D. M. Eissenstat, M. L. McCormack, L. O. Hedin, Evolutionary history 

resolves global organization of root functional traits. Nature 555, 94–97 (2018). 

15. N. Guerrero-Ramirez, L. Mommer, G. T. Freschet, C. M. Iversen, M. Luke Mc Cormack, J. Kattge, H. Poorter, F. van der 

Plas, J. Bergmann, T. W. Kuyper, L. M. York, H. Bruelheide, D. C. Laughlin, I. C. Meier, C. Roumet, M. Semchenko, 

C. J. Sweeney, J. van Ruijven, O. J. Valverde-Barrantes, I. Aubin, J. A. Catford, P. Manning, A. Martin, R. Milla, V. 

Minden, J. G. Pausas, S. W. Smith, N. A. Soudzilovskaia, C. Ammer, B. Butterfield, J. Craine, J. H. C. Cornelissen, F. T. 

de Vries, M. E. Isaac, K. Kramer, C. König, E. G. Lamb, V. G. Onipchenko, J. Peñuelas, P. B. Reich, M. C. Rillig, L. 

Sack, B. Shipley, L. Tedersoo, F. Valladares, P. van Bodegom, P. Weigelt, J. P. Wright, A. Weigelt, Global root trait 

(GRooT) database. bioRxiv 10.1101/2020.05.17.09585 (2020). 

16. L. Rose, Pitfalls in root trait calculations: How ignoring diameter heterogeneity can lead to overestimation of functional 

traits. Front. Plant Sci. 8, 898 (2017). 

17. A. J. Bloom, F. S. Chapin III, H. A. Mooney, Resource limitation in plants–An economic analogy. Annu. Rev. Ecol. Syst. 

16, 363–392 (1985). 

18. W. Chen, H. Zeng, D. M. Eissenstat, D. Guo, Variation of first-order root traits across climatic gradients and evolutionary 

trends in geological time. Glob. Ecol. Biogeogr. 22, 846–856 (2013). 

19. D. Kong, C. Ma, Q. Zhang, L. Li, X. Chen, H. Zeng, D. Guo, Leading dimensions in absorptive root trait variation across 

96 subtropical forest species. New Phytol. 203, 863–872 (2014). 

20. C. Roumet, M. Birouste, C. Picon-Cochard, M. Ghestem, N. Osman, S. Vrignon-Brenas, K. Cao, A. Stokes, Root 

structure - function relationships in 74 species: Evidence of a root economics spectrum related to carbon economy. New 

Phytol. 210, 815–826 (2016). 

21. O. J. Valverde-Barrantes, C. B. Blackwood, Root traits are multidimensional: Specific root length is independent from 

root tissue density and the plant economic spectrum: Commentary on Kramer-Walter et al. (2016). J. Ecol. 104, 1311–

1313 (2016). 

22. O. J. Valverde-Barrantes, A. L. Horning, K. A. Smemo, C. B. Blackwood, Phylogenetically structured traits in root 

systems influence arbuscular mycorrhizal colonization in woody angiosperms. Plant and Soil 404, 1–12 (2016). 

23. M. C. Brundrett, Coevolution of roots and mycorrhizas of land plants. New Phytol. 154, 275–304 (2002). 

24. M. C. Brundrett, L. Tedersoo, Evolutionary history of mycorrhizal symbioses and global host plant diversity. New Phytol. 

220, 1108–1115 (2018). 

25. D. P. Horan, G. A. Chilvers, F. F. Lapeyrie, Time sequence of the infection process eucalypt ectomycorrhizas. New 

Phytol. 109, 451–458 (1988). 



26. I. Hummel, D. Vile, C. Violle, J. Devaux, B. Ricci, A. Blanchard, É. Garnier, C. Roumet, Relating root structure and 

anatomy to whole-plant functioning in 14 herbaceous Mediterranean species. New Phytol. 173, 313–321 (2007). 

27. O. J. Valverde-Barrantes, G. T. Freschet, C. Roumet, C. B. Blackwood, A worldview of root traits: The influence of 

ancestry, growth form, climate and mycorrhizal association on the functional trait variation of fine-root tissues in seed 

plants. New Phytol. 215, 1562–1573 (2017). 

28. J. W. G. Cairney, Evolution of mycorrhiza systems. Naturwissenschaften 87, 467–475 (2000). 

29. G. Lin, M. L. McCormack, C. Ma, D. Guo, Similar below-ground carbon cycling dynamics but contrasting modes of 

nitrogen cycling between arbuscular mycorrhizal and ectomycorrhizal forests. New Phytol. 213, 1440–1451 (2017). 

30. R. P. Phillips, E. Brzostek, M. G. Midgley, The mycorrhizal-associated nutrient economy: A new framework for 

predicting carbon-nutrient couplings in temperate forests. New Phytol. 199, 41–51 (2013). 

31. L. H. Comas, H. S. Callahan, P. E. Midford, Patterns in root traits of woody species hosting arbuscular and 

ectomycorrhizas: Implications for the evolution of belowground strategies. Ecol. Evol. 4, 2979–2990 (2014). 

32. K. K. Treseder, The extent of mycorrhizal colonization of roots and its influence on plant growth and phosphorus content. 

Plant and Soil 371, 1–13 (2013). 

33. E. Laliberté, Below-ground frontiers in trait-based plant ecology. New Phytol. 213, 1597–1603 (2016). 

34. R. Wang, Q. Wang, N. Zhao, Z. Xu, X. Zhu, C. Jiao, G. Yu, N. He, Different phylogenetic and environmental controls of 

first-order root morphological and nutrient traits: Evidence of multidimensional root traits. Funct. Ecol. 32, 29–39 

(2017). 

35. M. G. Tjoelker, J. M. Craine, D. Wedin, P. B. Reich, D. Tilman, Linking leaf and root trait syndromes among 39 

grassland and savannah species. New Phytol. 167, 493–508 (2005). 

36. L. Mommer, M. Weemstra, The role of roots in the resource economics spectrum. New Phytol. 195, 725–727 (2012). 

37. M. L. McCormack, T. S. Adams, E. A. H. Smithwick, D. M. Eissenstat, Predicting fine root lifespan from plant 

functional traits in temperate trees. New Phytol. 195, 823–831 (2012). 

38. M. G. A. van der Heijden, F. M. Martin, M.-A. Selosse, I. R. Sanders, Mycorrhizal ecology and evolution: The past, the 

present, and the future. New Phytol. 205, 1406–1423 (2015). 

39. H. Maherali, B. Oberle, P. F. Stevens, W. K. Cornwell, D. J. McGlinn, Mutualism persistence and abandonment during 

the evolution of the mycorrhizal symbiosis. Am. Nat. 188, E113–E125 (2016). 

40. M. Weemstra, F. J. Sterck, E. J. W. Visser, T. W. Kuyper, L. Goudzwaard, L. Mommer, Fine-root trait plasticity of beech 

(Fagus sylvatica) and spruce (Picea abies) forests on two contrasting soils. Plant and Soil 415, 175–188 (2016). 

41. F. Fort, F. Volaire, L. Guilioni, K. Barkaoui, M.-L. Navas, C. Roumet, Root traits are related to plant water-use among 

rangeland Mediterranean species. Funct. Ecol. 31, 1700–1709 (2017). 



42. C. M. Iversen, M. L. McCormack, A. S. Powell, C. B. Blackwood, G. T. Freschet, J. Kattge, C. Roumet, D. B. Stover, N. 

A. Soudzilovskaia, O. J. Valverde-Barrantes, P. M. van Bodegom, C. Violle, A global fine-root ecology database to 

address below-ground challenges in plant ecology. New Phytol. 215, 15–26 (2017). 

43. J. Kattge, G. Bönisch, S. Díaz, S. Lavorel, I. C. Prentice, P. Leadley, S. Tautenhahn, G. D. A. Werner, T. Aakala, M. 

Abedi, A. T. R. Acosta, G. C. Adamidis, K. Adamson, M. Aiba, C. H. Albert, J. M. Alcántara, Carolina Alcázar C, I. 

Aleixo, H. Ali, B. Amiaud, C. Ammer, M. M. Amoroso, M. Anand, C. Anderson, N. Anten, J. Antos, D. M. G. Apgaua, 

T.-L. Ashman, D. H. Asmara, G. P. Asner, M. Aspinwall, O. Atkin, I. Aubin, L. Baastrup-Spohr, K. Bahalkeh, M. Bahn, 

T. Baker, W. J. Baker, J. P. Bakker, D. Baldocchi, J. Baltzer, A. Banerjee, A. Baranger, J. Barlow, D. R. Barneche, Z. 

Baruch, D. Bastianelli, J. Battles, W. Bauerle, M. Bauters, E. Bazzato, M. Beckmann, H. Beeckman, C. Beierkuhnlein, 

R. Bekker, G. Belfry, M. Belluau, M. Beloiu, R. Benavides, L. Benomar, M. L. Berdugo-Lattke, E. Berenguer, R. 

Bergamin, J. Bergmann, M. B. Carlucci, L. Berner, M. Bernhardt-Römermann, C. Bigler, A. D. Bjorkman, C. Blackman, 

C. Blanco, B. Blonder, D. Blumenthal, K. T. Bocanegra-González, P. Boeckx, S. Bohlman, K. Böhning-Gaese, L. 

Boisvert-Marsh, W. Bond, B. Bond-Lamberty, A. Boom, C. C. F. Boonman, K. Bordin, E. H. Boughton, V. Boukili, D. 

M. J. S. Bowman, S. Bravo, M. R. Brendel, M. R. Broadley, K. A. Brown, H. Bruelheide, F. Brumnich, H. H. Bruun, D. 

Bruy, S. W. Buchanan, S. F. Bucher, N. Buchmann, R. Buitenwerf, D. E. Bunker, J. Bürger, S. Burrascano, D. F. R. P. 

Burslem, B. J. Butterfield, C. Byun, M. Marques, M. C. Scalon, M. Caccianiga, M. Cadotte, M. Cailleret, J. Camac, J. J. 

Camarero, C. Campany, G. Campetella, J. A. Campos, L. Cano-Arboleda, R. Canullo, M. Carbognani, F. Carvalho, F. 

Casanoves, B. Castagneyrol, J. A. Catford, J. Cavender-Bares, B. E. L. Cerabolini, M. Cervellini, E. Chacón-Madrigal, 

K. Chapin, F. S. Chapin, S. Chelli, S.-C. Chen, A. Chen, P. Cherubini, F. Chianucci, B. Choat, K.-S. Chung, M. Chytrý, 

D. Ciccarelli, L. Coll, C. G. Collins, L. Conti, D. Coomes, J. H. C. Cornelissen, W. K. Cornwell, P. Corona, M. Coyea, J. 

Craine, D. Craven, J. P. G. M. Cromsigt, A. Csecserits, K. Cufar, M. Cuntz, A. C. da Silva, K. M. Dahlin, M. Dainese, I. 

Dalke, M. D. Fratte, A. T. Dang-Le, J. Danihelka, M. Dannoura, S. Dawson, A. J. de Beer, A. De Frutos, J. R. De Long, 

B. Dechant, S. Delagrange, N. Delpierre, G. Derroire, A. S. Dias, M. H. Diaz-Toribio, P. G. Dimitrakopoulos, M. 

Dobrowolski, D. Doktor, P. Dřevojan, N. Dong, J. Dransfield, S. Dressler, L. Duarte, E. Ducouret, S. Dullinger, W. 

Durka, R. Duursma, O. Dymova, A. E-Vojtkó, R. L. Eckstein, H. Ejtehadi, J. Elser, T. Emilio, K. Engemann, M. B. 

Erfanian, A. Erfmeier, A. Esquivel-Muelbert, G. Esser, M. Estiarte, T. F. Domingues, W. F. Fagan, J. Fagúndez, D. S. 

Falster, Y. Fan, J. Fang, E. Farris, F. Fazlioglu, Y. Feng, F. Fernandez-Mendez, C. Ferrara, J. Ferreira, A. Fidelis, B. 

Finegan, J. Firn, T. J. Flowers, D. F. B. Flynn, V. Fontana, E. Forey, C. Forgiarini, L. François, M. Frangipani, D. Frank, 

C. Frenette-Dussault, G. T. Freschet, E. L. Fry, N. M. Fyllas, G. G. Mazzochini, S. Gachet, R. Gallagher, G. Ganade, F. 

Ganga, P. García-Palacios, V. Gargaglione, E. Garnier, J. L. Garrido, A. L. de Gasper, G. Gea-Izquierdo, D. Gibson, A. 

N. Gillison, A. Giroldo, M.-C. Glasenhardt, S. Gleason, M. Gliesch, E. Goldberg, B. Göldel, E. Gonzalez-Akre, J. L. 

Gonzalez-Andujar, A. González-Melo, A. González-Robles, B. J. Graae, E. Granda, S. Graves, W. A. Green, T. Gregor, 

N. Gross, G. R. Guerin, A. Günther, A. G. Gutiérrez, L. Haddock, A. Haines, J. Hall, A. Hambuckers, W. Han, S. P. 

Harrison, W. Hattingh, J. E. Hawes, T. He, P. He, J. M. Heberling, A. Helm, S. Hempel, J. Hentschel, B. Hérault, A.-M. 

Hereş, K. Herz, M. Heuertz, T. Hickler, P. Hietz, P. Higuchi, A. L. Hipp, A. Hirons, M. Hock, J. A. Hogan, K. Holl, O. 

Honnay, D. Hornstein, E. Hou, N. Hough-Snee, K. A. Hovstad, T. Ichie, B. Igić, E. Illa, M. Isaac, M. Ishihara, L. 

Ivanov, L. Ivanova, C. M. Iversen, J. Izquierdo, R. B. Jackson, B. Jackson, H. Jactel, A. M. Jagodzinski, U. Jandt, S. 

Jansen, T. Jenkins, A. Jentsch, J. R. P. Jespersen, G.-F. Jiang, J. L. Johansen, D. Johnson, E. J. Jokela, C. A. Joly, G. J. 

Jordan, G. S. Joseph, D. Junaedi, R. R. Junker, E. Justes, R. Kabzems, J. Kane, Z. Kaplan, T. Kattenborn, L. Kavelenova, 



E. Kearsley, A. Kempel, T. Kenzo, A. Kerkhoff, M. I. Khalil, N. L. Kinlock, W. D. Kissling, K. Kitajima, T. Kitzberger, 

R. Kjøller, T. Klein, M. Kleyer, J. Klimešová, J. Klipel, B. Kloeppel, S. Klotz, J. M. H. Knops, T. Kohyama, F. Koike, J. 

Kollmann, B. Komac, K. Komatsu, C. König, N. J. B. Kraft, K. Kramer, H. Kreft, I. Kühn, D. Kumarathunge, J. 

Kuppler, H. Kurokawa, Y. Kurosawa, S. Kuyah, J.-P. Laclau, B. Lafleur, E. Lallai, E. Lamb, A. Lamprecht, D. J. Larkin, 

D. Laughlin, Y. Le Bagousse-Pinguet, G. le Maire, P. C. le Roux, E. le Roux, T. Lee, F. Lens, S. L. Lewis, B. Lhotsky, 

Y. Li, X. Li, J. W. Lichstein, M. Liebergesell, J. Y. Lim, Y.-S. Lin, J. C. Linares, C. Liu, D. Liu, U. Liu, S. Livingstone, 

J. Llusià, M. Lohbeck, Á. López-García, G. Lopez-Gonzalez, Z. Lososová, F. Louault, B. A. Lukács, P. Lukeš, Y. Luo, 

M. Lussu, S. Ma, C. M. R. Pereira, M. Mack, V. Maire, A. Mäkelä, H. Mäkinen, A. C. M. Malhado, A. Mallik, P. 

Manning, S. Manzoni, Z. Marchetti, L. Marchino, V. Marcilio-Silva, E. Marcon, M. Marignani, L. Markesteijn, A. 

Martin, C. Martínez-Garza, J. Martínez-Vilalta, T. Mašková, K. Mason, N. Mason, T. J. Massad, J. Masse, I. Mayrose, J. 

M. Carthy, M. L. McCormack, K. M. Culloh, I. R. Mc Fadden, B. J. Mc Gill, M. Y. Mc Partland, J. S. Medeiros, B. 

Medlyn, P. Meerts, Z. Mehrabi, P. Meir, F. P. L. Melo, M. Mencuccini, C. Meredieu, J. Messier, I. Mészáros, J. 

Metsaranta, S. T. Michaletz, C. Michelaki, S. Migalina, R. Milla, J. E. D. Miller, V. Minden, R. Ming, K. Mokany, A. T. 

Moles, V. A. Molnár, J. Molofsky, M. Molz, R. A. Montgomery, A. Monty, L. Moravcová, A. Moreno-Martínez, M. 

Moretti, A. S. Mori, S. Mori, D. Morris, J. Morrison, L. Mucina, S. Mueller, C. D. Muir, S. C. Müller, F. Munoz, I. H. 

Myers-Smith, R. W. Myster, M. Nagano, S. Naidu, A. Narayanan, B. Natesan, L. Negoita, A. S. Nelson, E. L. 

Neuschulz, J. Ni, G. Niedrist, J. Nieto, Ü. Niinemets, R. Nolan, H. Nottebrock, Y. Nouvellon, A. Novakovskiy; Nuttrient 

Network, K. O. Nystuen, A. O’Grady, K. O’Hara, A. O’Reilly-Nugent, S. Oakley, W. Oberhuber, T. Ohtsuka, R. 

Oliveira, K. Öllerer, M. E. Olson, V. Onipchenko, Y. Onoda, R. E. Onstein, J. C. Ordonez, N. Osada, I. Ostonen, G. 

Ottaviani, S. Otto, G. E. Overbeck, W. A. Ozinga, A. T. Pahl, C. E. T. Paine, R. J. Pakeman, A. C. Papageorgiou, E. 

Parfionova, M. Pärtel, M. Patacca, S. Paula, J. Paule, H. Pauli, J. G. Pausas, B. Peco, J. Penuelas, A. Perea, P. L. Peri, A. 

C. Petisco-Souza, A. Petraglia, A. M. Petritan, O. L. Phillips, S. Pierce, V. D. Pillar, J. Pisek, A. Pomogaybin, H. 

Poorter, A. Portsmuth, P. Poschlod, C. Potvin, D. Pounds, A. S. Powell, S. A. Power, A. Prinzing, G. Puglielli, P. Pyšek, 

V. Raevel, A. Rammig, J. Ransijn, C. A. Ray, P. B. Reich, M. Reichstein, D. E. B. Reid, M. Réjou-Méchain, V. R. de 

Dios, S. Ribeiro, S. Richardson, K. Riibak, M. C. Rillig, F. Riviera, E. M. R. Robert, S. Roberts, B. Robroek, A. Roddy, 

A. V. Rodrigues, A. Rogers, E. Rollinson, V. Rolo, C. Römermann, D. Ronzhina, C. Roscher, J. A. Rosell, M. F. 

Rosenfield, C. Rossi, D. B. Roy, S. Royer-Tardif, N. Rüger, R. Ruiz-Peinado, S. B. Rumpf, G. M. Rusch, M. Ryo, L. 

Sack, A. Saldaña, B. Salgado-Negret, R. Salguero-Gomez, I. Santa-Regina, A. C. Santacruz-García, J. Santos, J. 

Sardans, B. Schamp, M. Scherer-Lorenzen, M. Schleuning, B. Schmid, M. Schmidt, S. Schmitt, J. V. Schneider, S. D. 

Schowanek, J. Schrader, F. Schrodt, B. Schuldt, F. Schurr, G. S. Garvizu, M. Semchenko, C. Seymour, J. C. Sfair, J. M. 

Sharpe, C. S. Sheppard, S. Sheremetiev, S. Shiodera, B. Shipley, T. A. Shovon, A. Siebenkäs, C. Sierra, V. Silva, M. 

Silva, T. Sitzia, H. Sjöman, M. Slot, N. G. Smith, D. Sodhi, P. Soltis, D. Soltis, B. Somers, G. Sonnier, M. V. Sørensen, 

E. E. Sosinski Jr, N. A. Soudzilovskaia, A. F. Souza, M. Spasojevic, M. G. Sperandii, A. B. Stan, J. Stegen, K. 

Steinbauer, J. G. Stephan, F. Sterck, D. B. Stojanovic, T. Strydom, M. L. Suarez, J.-C. Svenning, I. Svitková, M. Svitok, 

M. Svoboda, E. Swaine, N. Swenson, M. Tabarelli, K. Takagi, U. Tappeiner, R. Tarifa, S. Tauugourdeau, C. Tavsanoglu, 

M. te Beest, L. Tedersoo, N. Thiffault, D. Thom, E. Thomas, K. Thompson, P. E. Thornton, W. Thuiller, L. Tichý, D. 

Tissue, M. G. Tjoelker, D. Y. P. Tng, J. Tobias, P. Török, T. Tarin, J. M. Torres-Ruiz, B. Tóthmérész, M. Treurnicht, V. 

Trivellone, F. Trolliet, V. Trotsiuk, J. L. Tsakalos, I. Tsiripidis, N. Tysklind, T. Umehara, V. Usoltsev, M. 

Vadeboncoeur, J. Vaezi, F. Valladares, J. Vamosi, P. M. van Bodegom, M. van Breugel, E. van Cleemput, M. van de 



Weg, S. van der Merwe, F. van der Plas, M. T. van der Sande, M. van Kleunen, K. van Meerbeek, M. Vanderwel, K. A. 

Vanselow, A. Vårhammar, L. Varone, M. Y. V. Valderrama, K. Vassilev, M. Vellend, E. J. Veneklaas, H. Verbeeck, K. 

Verheyen, A. Vibrans, I. Vieira, J. Villacís, C. Violle, P. Vivek, K. Wagner, M. Waldram, A. Waldron, A. P. Walker, M. 

Waller, G. Walther, H. Wang, F. Wang, W. Wang, H. Watkins, J. Watkins, U. Weber, J. T. Weedon, L. Wei, P. Weigelt, 

E. Weiher, A. W. Wells, C. Wellstein, E. Wenk, M. Westoby, A. Westwood, P. J. White, M. Whitten, M. Williams, D. 

E. Winkler, K. Winter, C. Womack, I. J. Wright, S. J. Wright, J. Wright, B. X. Pinho, F. Ximenes, T. Yamada, K. 

Yamaji, R. Yanai, N. Yankov, B. Yguel, K. J. Zanini, A. E. Zanne, D. Zelený, Y.-P. Zhao, J. Zheng, J. Zheng, K. 

Ziemińska, C. R. Zirbel, G. Zizka, I. C. Zo-Bi, G. Zotz, C. Wirth, TRY plant trait database – Enhanced coverage and 

open access. Glob. Chang. Biol. 26, 119–188 (2019). 

44. M. L. McCormack, I. A. Dickie, D. M. Eissenstat, T. J. Fahey, C. W. Fernandez, D. Guo, H.-S. Helmisaari, E. A. Hobbie, 

C. M. Iversen, R. B. Jackson, J. Leppälammi-Kujansuu, R. J. Norby, R. P. Phillips, K. S. Pregitzer, S. G. Pritchard, B. 

Rewald, M. Zadworny, Redefining fine roots improves understanding of below-ground contributions to terrestrial 

biosphere processes. New Phytol. 207, 505–518 (2015). 

45. W. Troll, Vergleichende Morphologie der Pflanzen (Verlag der Gebrüder Borntraeger, 1943). 

46. P. Raven, R. F. Evert, S. E. Eichhorn, Biology of plants (W.H. Freeman and Company Publisher, ed. 8, 2013). 

47. N. A. Soudzilovskaia, S. Vaessen, M. Barcelo, J. He, S. Rahimlou, K. Abarenkov, M. C. Brundrett, S. I. F. Gomes, V. 

Merckx, L. Tedersoo, FungalRoot: Global online database of plant mycorrhizal associations. bioRxiv 10.1101/717488 

(2019). 

48. M. Brundrett, L. Tedersoo, Misdiagnosis of mycorrhizas and inappropriate recycling of data can lead to false conclusions. 

New Phytol. 221, 18–24 (2019). 

49. R Core Team, R: A language and environment for statistical computing (2019). 

50. B. Boyle, N. Hopkins, Z. Lu, J. A. Raygoza Garay, D. Mozzherin, T. Rees, N. Matasci, M. L. Narro, W. H. Piel, S. J. 

Mckay, S. Lowry, C. Freeland, R. K. Peet, B. J. Enquist, The taxonomic name resolution service: An online tool for 

automated standardization of plant names. BMC Bioinformatics 14, 16 (2013). 

51. A. E. Zanne, D. C. Tank, W. K. Cornwell, J. M. Eastman, S. A. Smith, R. G. FitzJohn, D. J. McGlinn, B. C. O’Meara, A. 

T. Moles, P. B. Reich, D. L. Royer, D. E. Soltis, P. F. Stevens, M. Westoby, I. J. Wright, L. Aarssen, R. I. Bertin, A. 

Calaminus, R. Govaerts, F. Hemmings, M. R. Leishman, J. Oleksyn, P. S. Soltis, N. G. Swenson, L. Warman, J. M. 

Beaulieu, Three keys to the radiation of angiosperms into freezing environments. Nature 506, 89–92 (2014). 

52. K. P. Schliep, Phangorn: Phylogenetic analysis in R. Bioinformatics 27, 592–593 (2011). 

53. M. Pagel, Inferring the historical patterns of biological evolution. Nature 401, 877–884 (1999). 

54. D. Orme, R. Freckleton, D. Thomas, T. Petzoldt, S. Fritz, N. Isaac, W. Pearse, Caper: Comparative Analyses of 

Phylogenetics and Evolution in R (2018). 



55. R. P. Freckleton, P. H. Harvey, M. Pagel, Phylogenetic analysis and comparative data: A test and review of evidence. Am. 

Nat. 160, 712–726 (2002). 

56. L. J. Revell, phytools: An R package for phylogenetic comparative biology (and other things). Methods Ecol. Evol. 3, 

217–223 (2012). 

57. L. J. Revell, Size-correction and principal components for interspecific comparative studies. Evolution 63, 3258–3268 

(2009). 

58. P. Martinez Arbizu, pairwiseAdonis: Pairwise Multilevel Comparison using Adonis (R Packag. version 0.3, 2019). 

59. Y. Benjamini, Y. Hochberg, Controlling the false discovery rate : A practical and powerful approach to multiple testing. 

J. R. Stat. Soc. Ser. B. 57, 289–300 (1995). 

60. D. C. Lay, Linear algebra and its applications (Pearson, 2006). 

61. G. T. Freschet, O. J. Valverde-Barrantes, C. M. Tucker, J. M. Craine, M. L. Mccormack, C. Violle, F. Fort, C. B. 

Blackwood, K. R. Urban-Mead, C. M. Iversen, A. Bonis, L. H. Comas, J. H. C. Cornelissen, M. Dong, D. Guo, S. E. 

Hobbie, R. J. Holdaway, S. W. Kembel, N. Makita, V. G. Onipchenko, C. Picon-Cochard, P. B. Reich, E. G. de la Riva, 

S. W. Smith, N. A. Soudzilovskaia, M. G. Tjoelker, D. A. Wardle, C. Roumet, Climate, soil and plant functional types as 

drivers of global fine-root trait variation. J. Ecol. 105, 1182–1196 (2017). 

62. R. van Velzen, R. Holmer, F. Bu, L. Rutten, A. van Zeijl, W. Liu, L. Santuari, Q. Cao, T. Sharma, D. Shen, Y. 

Roswanjaya, T. A. K. Wardhani, M. S. Kalhor, J. Jansen, J. van den Hoogen, B. Güngör, M. Hartog, J. Hontelez, J. 

Verver, W.-C. Yang, E. Schijlen, R. Repin, M. Schilthuizen, M. E. Schranz, R. Heidstra, K. Miyata, E. Fedorova, W. 

Kohlen, T. Bisseling, S. Smit, R. Geurts, Comparative genomics of the nonlegume Parasponia reveals insights into 

evolution of nitrogen-fixing rhizobium symbioses. Proc. Natl. Acad. Sci. U.S.A. 115, E4700–E4709 (2018). 


	aba3756_coverpage
	aba3756_SupplementalMaterial_v3
	References

