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Supplementary Table 1. Details of long-term grassland and forest biodiversity experiments 

included in the analysis. 

Site Country 
Size of 
species 
pool 

Species richness 
range 

Number of 
yearly 
observations 
(Time span, 
years) 

Grassland     
Agrodiversity1_BE Belgium 4 1, 4 3 (1-3) 
Agrodiversity_CA Canada 4 1, 4 3 (1-3) 
Agrodiversity_FR France 4 1, 4 3 (1-3) 
Agrodiversity_IS Iceland  4 1, 4 3 (1-3) 
Agrodiversity_IS Iceland  4 1, 4 3 (1-3) 
Agrodiversity_IE Ireland 4 1, 4 3 (1-3) 
Agrodiversity_IT Italy 4 1, 4 3 (1-3) 
Agrodiversity_LT_a Lithuania 4 1, 4 3 (1-3) 
Agrodiversity_LT_b Lithuania 4 1, 4 3 (1-3) 
Agrodiversity_LT_c Lithuania 4 1, 4 3 (1-3) 
Agrodiversity_NL Netherlands 4 1, 4 3 (1-3) 
Agrodiversity_NO_a Norway  4 1, 4 3 (1-3) 
Agrodiversity_NO_b Norway  4 1, 4 3 (1-3) 
Agrodiversity_NO_d Norway  4 1, 4 3 (1-3) 
Agrodiversity_PL Poland  4 1, 4 3 (1-3) 
Agrodiversity_SP_a Spain  4 1, 4 3 (1-3) 
Agrodiversity_SE_a Sweden  4 1, 4 3 (1-3) 
Agrodiversity_SE_b Sweden  4 1, 4 3 (1-3) 
Agrodiversity_SE_c Sweden  4 1, 4 3 (1-3) 
Agrodiversity_CH Switzerland 4 1, 4 3 (1-3) 
Agrodiversity_Wales_a UK 4 1, 4 4 (1-4) 
Agrodiversity_Wales_b UK 4 1, 4 3 (1-3) 
BigBio2 USA 18 1, 2, 4, 8, 16 16 (1-16) 
BioCON3 USA 16 1, 4, 9, 16 14 (1-14) 
BIODEPTH4_DE Germany 31 1, 2, 4, 8, 16 3 (1-3) 
BIODEPTH_GR Greece 23 1, 2, 4, 8, 18 3 (1-3) 
BIODEPTH_IE Ireland 12 1, 2, 3, 4, 8 3 (1-3) 
BIODEPTH_PT Portugal 14 1, 2, 4, 8, 14 3 (1-3) 
BIODEPTH_SW Sweden 12 1, 2, 4, 8, 12 8 (1-8) 
BIODEPTH_CH Switzerland 48 1, 2, 4, 8 3 (1-3) 
BIODEPTH_UK1 UK 12 1, 2, 4, 8, 12 3 (1-3) 
BIODEPTH_UK2 UK 34 1, 2, 4, 8, 11 3 (1-3) 
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Hector_UK UK 65 1, 3, 9, 27 3 (1-3) 
Jena_Main_Mono5,6 Germany 60 1, 2, 4, 8, 16, 60 18 (1-18) 
Lanta_drt7 Czech Republic 12 1, 3, 6 3 (1-3) 
Lanta_nutr Czech Republic 16 1, 2, 4, 8, 16 4 (1-4) 
Texas_MEND8 USA 18 1, 9 3 (1-3) 
Texas_Rich_Even9 USA 13 1, 2, 4, 8 10 (1-10) 
Wagi_BioDiv10 Netherlands 8 1, 2, 4, 8 11 (1-11) 
Forest     
BiodiversiTREE-SERC11 USA 16 1, 4, 12 2 (4-7) 
BIOTREE-Species-K12 Germany 8 1, 2, 3, 4 2 (8-11) 
BrazilDry (Brazil) Brazil 16 1, 2, 4, 8, 16 2 (3-6) 
B-Tree Austria 4 1, 2, 4 3 (3-7) 
Cann River13 Australia 2 1, 2 5 (3-11) 
ClimateMatch-Kent UK 4 1, 4 3 (3-9) 
EFForTS-BEE14 Indonesia 6 1, 2, 3, 6 4 (3-5) 
FDPutuo China 8 1, 2, 4, 8 5 (3-5) 
FORBIO15_Gedinne Belgium 5 1, 2, 3, 4 5 (3-11) 
FORBIO_Zedelgem Belgium 5 1, 2, 3, 4 4 (3-8) 
Hawaii16 USA 2 1, 2 9 (3 -11) 
IDENT17_Cloquet USA 12 1, 2, 6 9 (3-11) 
IDENT_Freiburg Germany 12 1, 2, 4, 6 6 (3-6) 
IDENT_SSM Canada 6 1, 2, 4, 6 5 (3-7) 
IDENT_Macomer Italy 12 1, 2, 4, 6 6 (3-8) 
IDENT_Montreal Canada 12 1, 2, 4, 12 9 (3-11) 
Itatinga18 Brazil 2 1, 2 5 (3-6) 
Kreinitz19 Germany 6 1, 2, 3, 5, 6 7 (3-11) 
La selva20 1 Costa Rica 3 1, 3 5 (3 – 7) 
La selva 2 Costa Rica 3 1, 3 3 (3 – 7) 
La selva 3 Costa Rica 5 1, 5 4 (3 - 6) 
MyDiv21 Germany 10 1, 2, 4 6 (3-6) 
Ridgefield22 Australia 8 1, 2, 4, 8 4 (3-4) 
Sardinilla23 Panama 6 1, 3, 6 9 (3-10) 
Satakunta24 Finland 3 1, 2, 3 3 (3-11) 
Toa Baja25 USA 2 1, 2 5 (3-7.5) 
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Supplementary Table 2. Linear mixed-effects models for effects of plant species 

richness (SR), year, and their interactions on community productivity and overyielding, 

as well as complementarity and selection effects in grasslands and forests. df, numerator 

degrees of freedom; ddf, denominator degrees of freedom; F, F ratios; P, P value of the 

significance test. Reported P values were calculated from one-sided F-test. Significant 

P (P<0.05) are denoted in bold. 

 Grasslands Forests Forests 

  Biomass Annual basal area 
increment Accumulated basal area 

Community productivity 
Fixed df ddf F P df ddf F P df ddf F P 
SR 1 1317 157.80 <0.001 1 1293 0.05 0.826 1 1348 13.61 <0.001 
Year 1 5976 21.43 <0.001 1 3474 31.87 <0.001 1 4023 2229 <0.001 
SR × Year 1 5976 7.96 0.005 1 3474 7.60 0.006 1 4023 12.59 <0.001 
Random     Var.   Var.  Var.  
Plot_ID  2.15×10-4  1.37  9.76×10-2 
Site  3.19×10-1  1.98×101  2.78×10-1 
SR  9.23×10-3  0.88×10-1  3.10×10-2 
Year  1.13×10-1  7.13  4.03×10-2 
Residual  7.70×10-2  8.29  1.34×10-2 
Year ρAR1 0.08    0.04    0.84  
Community overyielding 
Fixed df ddf F P df ddf F P df ddf F P 
SR 1 716 78.09 <0.001 1 779 3.12 0.078 1 781 4.92 0.027 
Year 1 3482 0.19 0.666 1 1934 0.84 0.361 1 2611 0.92 0.338 
SR × Year 1 3482 39.97 <0.001 1 1934 12.57 <0.001 1 2611 19.37 <0.001 
Random  Var.   Var.  Var.  
Plot_ID  1.52×10-5   1.73×10-7   4.26×10-2 
Site  1.11×10-1   5.71×10-2   1.04×10-1 
SR  2.66×10-3   1.49×10-2   8.73×10-3 
Year  2.38×10-2   4.68×10-2   1.77×10-2 
Residual  2.49×10-1   1.64×10-1   3.15×10-2 
 Year ρAR1 0.21    0.03    0.67  
Complementarity effect 
Fixed df ddf F P df ddf F P df ddf F P 
SR 1 700 9.15 0.002 1 779 0.10 0.749 1 781 9.82 0.002 
Year 1 3223 1.49 0.222 1 1930 0.95 0.330 1 2611 0.13 0.723 
SR × Year 1 3223 27.97 <0.001 1 1930 1.12 0.287 1 2611 11.72 <0.001 
Random  Var.   Var.   Var.  
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Plot_ID  2.24×10-1  4.66×10-3  1.72×10-1 
Site  3.47×103  1.56×101  3.09×101 
SR  6.47×102  3.76×10-2  1.68×10-1 
Year  3.40×10-1  8.26  3.11×101 
Residual  2.60×104  8.82  8.57  
Year ρAR1 0.21    0.20   0.43  
Selection effect 
Fixed df ddf F P df ddf F P df ddf F P 
SR 1 700 0.03 0.856 1 779 0.83 0.363 1 781 1.55 0.213 
Year 1 3223 0.08 0.775 1 1930 0.15 0.701 1 2611 0.13 0.716 
SR × Year 1 3223 5.22 0.022 1 1930 1.67 0.198 1 2611 3.44 0.062 
Random  Var.   Var.  Var.  
Plot_ID  3.46×102  1.78×10-2  4.94×10-2 
Site  4.25×103  8.80  3.15×101 
SR  6.61×10-1  6.36×10-2  2.10×10-2 
Year  2.88×103  5.78  2.51×101 
Residual  1.45×104  3.81  3.24  
Year ρAR1  0.20    -0.06   0.62  
* Random factors include random intercept for PlotID (Plot_ID), random intercept for each site (Site), 
random slopes for species richness (SR) and year (Year) per site. Year ρAR1 indicates the temporal 
autocorrelation of residuals across years.
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Supplementary Table 3. The summary of principal component analyses of economics 

traits of the grassland species and forest tree species based on imputed (missing trait 

values were imputed) and complete (complete measured traits) datasets. Displayed is 

the Eigenvalue as well as the proportion of variance explained by each principal 

component (PC) and the loadings of the economics traits. SLA: specific leaf area, 

LDMC: leaf dry matter content, LNC: leaf nitrogen content, SRL: specific root length, 

RNC: root nitrogen content, RTD: root tissue density. 

 
Regression models PC1 PC2 

Trait data description 
(n. measured / n. 

imputed) 
 Eigenvalue 2.12 1.45  
 Variance 0.37 0.24  
Grassland species SLA 1.70 0.32 ( 165 / 1  ) 
(Imputed) LDMC -1.45 -0.36 ( 148 / 18 ) 
n=166 LNC 0.61 1.82 ( 152 / 14 ) 
 SRL 1.80 -0.55 ( 136 / 30 ) 
 RNC -0.26 1.93 ( 127 / 39 ) 
 RTD -1.71 -0.18 ( 120 / 46 ) 
 Eigenvalue 1.87 1.55  
 Variance 0.31 0.26  
Forest tree species SLA 1.72 0.68 ( 133 / 1  ) 
(Imputed) LDMC -0.51 -1.38 ( 98 / 36  ) 
n=134 LNC 1.93 -0.01 ( 121 / 13 ) 
 SRL 0.17 1.34 ( 97 / 37 ) 
 RNC 1.33 -0.01 (  67 / 67 ) 
 RTD 0.23 -1.77 (  81 / 53 ) 
 Eigenvalue 2.04 1.48  
 Variance 0.34 0.25  
Grassland species SLA 1.47 0.15 ( 94 / 0 ) 
(Complete) LDMC -1.20 -0.37 ( 94 / 0 ) 
n=94 LNC 0.46 1.59 ( 94 / 0 ) 
 SRL 1.47 -0.65 ( 94 / 0 ) 
 RNC -0.18 1.64 ( 94 / 0 ) 
 RTD -1.43 -0.17 ( 94 / 0 ) 
 Eigenvalue 1.96 1.62  
 Variance 0.33 0.27  
Forest tree species SLA 1.14 0.92 ( 42 / 0 ) 
(Complete) LDMC -0.23 -1.24 ( 42 / 0 ) 
n=42 LNC 1.36 -0.36 ( 42 / 0 ) 
 SRL 0.59 0.50 ( 42 / 0 ) 
 RNC 1.25 -0.32 ( 42 / 0 ) 
 RTD 0.01 -1.16 ( 42 / 0 ) 

* Numbers of trait data descriptions for each trait indicate the number of species with measured and 
imputed values, respectively. 



6 
 

Supplementary Table 4. Variance components of random terms in linear mixed-

effects models for effects of plant economics traits (represented by trait PC1 and PC2), 

species richness (SR), year, and their interactions on species species log response ratio 

of aboveground biomass in grasslands and annual basal area increment and 

accumulated basal area in forests.  

 Grasslands Forests 

  Biomass   Annual basal area 
increment 

Accumulated basal 
area 

Fixed terms: PC1 + SR + Year + PC1 × SR + PC1 × Year + SR × Year 
Random Var.  Var.  Var.  
SP_PlotID 1.62×10-2 1.80×10-2  8.87×10-2  

Site 3.62×10-2  3.17×10-2  1.31×10-1  
PC1 8.97×10-2  1.72×10-2  1.27×10-2  
Year 1.42×10-1  1.34×10-1  2.76×10-1  
SR 9.44×10-2  6.08×10-2  2.09×10-2  
Residual 1.86  4.90×10-1  6.75×10-2  
Temporal autocorrelation 
Year ρAR1 0.45   0.03   0.63   
R2 R2m = 0.02, R2c = 0.40  R2m = 0.01, R2c = 0.54 R2m = 0.01, R2c = 0.87 
Fixed terms: PC2 + SR + Year + PC2 × SR + PC2 × Year + SR × Year 
Random Var.  Var.  Var.  
SP_PlotID 1.38×10-2 9.46×10-3  2.24×10-3  

Site 1.53×10-2  1.27×10-3  2.36×10-1  
PC2 1.44×10-2  6.56×10-3  4.91×10-2  
Year 1.49×10-1  1.49×10-1  2.46×10-1  
SR 9.74×10-2  8.44×10-2  3.39×10-2  
Residual 1.84  4.80×10-1  7.35×10-2  
Temporal autocorrelation 
Year ρAR1 0.45   0.03   0.67   
R2 R2m = 0.02, R2c = 0.41  R2m = 0.02, R2c = 0.53 R2m = 0.02, R2c = 0.86 
* Random factors include a random intercept for each species at each unique plot (SP_PlotID), a random 
intercept for each site (Site), and random slopes for species richness (SR), species functional traits 
(PC1/PC2), and year (Year) per site. Year ρAR1 indicates the temporal autocorrelation of residuals 
across years. R2m and R2c represent the amounts of explained variances by fixed variables and all fixed 
and random variables, respectively. 
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Supplementary Table 5. Linear mixed-effects models for effects of plant economic 

traits, species richness (SR), experimental year (Year), and their interactions on species 

log response ratio of aboveground biomass in grasslands. df, numerator degrees of 

freedom; ddf, denominator degrees of freedom; F, F ratios; P, P value of the 

significance test. Reported P values were calculated from one-sided F-test. Significant 

P values (P<0.05) are denoted in bold. 

Predictors df ddf F P 
Specific leaf area 1 3536 0.09 0.764 
SR 1 3536 9.88 0.002 
Year 1 14717 9.81 0.002 
Specific leaf area × SR 1 3536 8.46 0.004 
Specific leaf area × Year 1 14717 12.94 <0.001 
SR × Year 1 14717 26.88 <0.001 
Specific root length 1 3536 3.34 0.068 
SR 1 3536 0.93 0.335 
Year 1 14717 6.01 0.014 
Specific root length × SR 1 3536 0.41 0.524 
Specific root length × Year 1 14717 8.54 0.003 
SR × Year 1 14717 23.84 <0.001 
Leaf dry matter content 1 3536 1.91 0.167 
SR 1 3536 1.63 0.202 
Year 1 14717 1.56 0.212 
Leaf dry matter content × SR 1 3536 2.52 0.113 
Leaf dry matter content× Year 1 14717 2.49 0.115 
SR × Year 1 14717 30.66 <0.001 
Root tissue density 1 3536 2.15 0.142 
SR 1 3536 0.23 0.630 
Year 1 14717 2.09 0.148 
Root tissue density × SR 1 3536 0.09 0.767 
Root tissue density × Year 1 14717 6.22 0.013 
SR × Year 1 14717 24.58 <0.001 
Leaf nitrogen content 1 3536 2.81 0.094 
SR 1 3536 4.27 0.039 
Year 1 14717 53.79 <0.001 
Leaf nitrogen content × SR 1 3536 3.39 0.065 
Leaf nitrogen content × Year 1 14717 62.63 <0.001 
SR × Year 1 14717 21.85 <0.001 
Root nitrogen content 1 3536 3.00 0.083 
SR 1 3536 9.36 0.002 
Year 1 14717 0.55 0.459 
Root nitrogen content × SR 1 3536 6.32 0.012 
Root nitrogen content × Year 1 14717 1.69 0.194 
SR × Year 1 14717 28.61 <0.001 
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Supplementary Table 6. Linear mixed-effects models for effects of plant economic traits, 

species richness (SR), experimental year, and their interactions on species species log response 

ratio of annual basal area increment and accumulated total basal area in forests. df, numerator 

degrees of freedom; ddf, denominator degrees of freedom; F, F ratios; P, P value of the 

significance test (calculated from one-sided F-test). Significant P (P<0.05) are denoted in bold. 

Abbreviations of traits are given in Table S1. 

 Annual basal area increment  Accumulated basal area 
Predictors Df ddf F P df ddf F P 
Specific leaf area 1 2430 3.06 0.081 1 2460 0.26 0.610 
SR 1 2430 1.38 0.241 1 2460        0.11 0.737 
Year 1 6028 10.13 0.001 1 7783 0.07 0.786 
Specific leaf area × SR 1 2430 0.12 0.731 1 2460 0.99 0.319 
Specific leaf area × Year 1 6028 18.89 <0.001 1 7783        1.36 0.243 
SR × Year 1 6028 3.52 0.060 1 7783 0.20 0.658 
Leaf nitrogen content 1 2430   0.62 0.431 1 2460 1.77 0.184 
SR 1 2430   9.45 0.002 1 2460 1.79 0.182 
Year 1 6028 6.01 0.014 1 7783 10.26 0.001 
Leaf nitrogen content × SR 1 2430 7.84 0.005 1 2460 1.24 0.265 
Leaf nitrogen content × Year 1 6028 7.56 0.006 1 7783 8.60 0.003 
SR × Year 1 6028 1.84 0.175 1 7783 0.19 0.663 
Root nitrogen content 1 2430 5.26 0.022 1 2460 0.69 0.406 
SR 1 2430 10.05 0.002 1 2460 1.73 0.188 
Year 1 6028 11.29 0.001 1 7783 14.77 <0.001 
Root nitrogen content × SR 1 2430 8.08 0.004 1 2460 1.11 0.293 
Root nitrogen content × Year 1 6028 10.92 0.001 1 7783 12.67 <0.001 
SR × Year 1 6028 2.47 0.116 1 7783 0.28 0.597 
Leaf dry matter content 1 2430 2.40 0.121 1 2460 0.01 0.948 
SR 1 2430 1.81 0.179 1 2460 1.79 0.181 
Year 1 6028 13.33 <0.001 1 7783 1.37 0.243 
Leaf dry matter content × SR 1 2430 1.42 0.234 1 2460     1.51 0.219 
Leaf dry matter content ×Year 1 6028 14.40 <0.001 1 7783 1.88 0.171 
SR × Year 1 6028 1.84 0.175 1 7783 0.22 0.640 
Specific root length 1 2430 0.12 0.727 1 2460 3.23 0.072 
SR 1 2430 8.65 0.003 1 2460 1.30 0.254 
Year 1 6028 0.79 0.374 1 7783 33.22 <0.001 
Specific root length × SR 1 2430 6.63 0.010 1 2460 0.47 0.495 
Specific root length × Year 1 6028 0.33 0.568 1 7783 34.11 <0.001 
SR × Year 1 6028 2.18 0.140 1 7783 0.24 0.626 
Root tissue density 1 2430 6.31 0.012 1 2460 0.05 0.825 
SR 1 2430 1.42 0.233 1 2460 0.95 0.330 
Year 1 6028 14.23 <0.001 1 7783 7.29 0.007 
Root tissue density × SR 1 2430 0.08 0.779 1 2460 0.01 0.960 
Root tissue density × Year 1 6028 17.61 <0.001 1 7783 5.81 0.016 
SR × Year 1 6028 2.36 0.124 1 7783 0.23 0.633 
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Supplementary Table 7.  Comparison of models to test the  effects of plant economic traits 

(represented by traits PC1 and traits PC2), species richness (SR), year, and their interactions 

on species log response ratio of aboveground biomass in grasslands and annual basal area 

increment and accumulated basal area in forests with or without with or without climate 

covariates. MAT, mean annual temperature; MAP, mean annual precipitation; SPEI, 

standardized precipitation-evapotranspiration index; DF, numerator degrees of freedom and 

denominator degrees of freedom; F, F ratios; P, P value of the significance test. Reported P 

values were calculated from one-sided F-test. Significant P (P<0.05) are denoted in bold. 

 Models with climate covariate 
 MAT MAP  SPEI 
 Df F P df F P df F P 
Grasslands     Responses: Species species log response ratio of biomass 
Traits PC1 1,3536 0.70 0.403 1,3536 0.53 0.465 1,3536 0.46 0.496 
SR 1,3536 2.31 0.129 1,3563 2.95 0.086 1,3536 2.59 0.108 
Year 1,14716 0.34 0.561 1,14716 0.27 0.601 1,14716 0.22 0.638 
Traits PC1 × SR 1,3561 2.30 0.130 1,3536 2.65 0.104 1,3536 2.52 0.113 
Traits PC1 × Year 1,14716 13.56 0.001 1,14716 13.41 <0.001 1,14716 12.57 <0.001 
SR × Year 1,14716 25.99 <0.001 1,14716 25.54 <0.001 1,14716 25.68 <0.001 
Climate covariate  1,14716 1.17 0.280 1,14716 1.27 0.260 1,14716 2.08 0.149 
AIC 63415   63427   63413  
AIC of Model without climate covariate                           62083 
Traits PC2 1,3536 0.13 0.723 1,3536 0.05 0.820 1,3536 0.07 0.790 
SR 1,3536 6.42 0.011 1,3536 6.90 0.009 1,3536 6.32 0.012 
Year 1,14716 1.36 0.243 1,14716 1.44 0.229 1,14716 1.11 0.293 
Traits PC2 × SR 1,3561 5.98 0.014 1,3536 5.07 0.024 1,3536 5.55 0.019 
Traits PC2 × Year 1,14716 20.26 <0.001 1,14716 20.28 <0.001 1,14716 19.40 <0.001 
SR × Year 1,14716 33.40 <0.001 1,14716 34.96 <0.001 1,14716 34.26 <0.001 
Climate covariate  1,14716 0.01 0.950 1,14716 1.94 0.164 1,14716 3.92 0.048 
AIC 63458   63469   63452   
AIC of Model without climate covariate                            62151 
Forests       Responses: Species species log response ratio of annual basal area increment 
Traits PC1 1, 2430 0.82 0.365 1, 2430 0.96 0.327 1, 2430 0.91 0.340 
SR 1,2430 2.46 0.117 1,2430 2.54 0.111 1,2430 2.13 0.144 
Year 1, 6027 0.19 0.661 1, 6027 0.13 0.717 1, 6027 0.15 0.698 
Traits PC1 × SR 1, 2430 1.17 0.280 1, 2430 1.09 0.296 1, 2430 1.37 0.242 
Traits PC1 × Year 1, 6027 6.18 0.013 1, 6027 5.72 0.017 1, 6027 6.06 0.013 
SR × Year 1, 6027 2.23 0.135 1, 6027 2.12 0.146 1, 6027 1.93 0.165 
Climate covariate  1, 6027 0.06 0.806 1, 6027 2.78 0.095 1, 6027 1.98 0.159 
AIC 21710   21720   21705   
AIC of Model without climate covariate                             21546 
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Traits PC2 1, 2430 4.36 0.037 1, 2430 3.61 0.057 1, 2430 4.15 0.042 
SR 1,2430 1.49 0.221 1,2430 1.70 0.192 1,2427 1.29 0.257 
Year 1, 6027 0.05 0.829 1, 6027 0.03 0.865 1, 6027 0.03 0.873 
Traits PC2 × SR 1, 2430 0.13 0.720 1, 2430 0.04 0.841 1, 2430 0.11 0.742 
Traits PC2 × Year 1, 6027 18.68 <0.001 1, 6027 17.58 <0.001 1, 6027 18.87 <0.001 
SR × Year 1, 6027 1.30 0.254 1, 6027 1.32 0.249 1, 6027 1.07 0.300 
Climate covariate  1, 6027 0.01 0.921 1, 6027 2.61 0.106 1, 6027 0.99 0.318 
AIC 21717   21726   21713   
AIC of Model without climate covariate                           21570 
Forests     Responses: Species log response ratio of accumulated basal area 
Traits PC1 1, 2460 1.55 0.213 1, 2460 1.56 0.212 1, 2460 1.59 0.207 
SR 1, 2460 1.89 0.168 1, 2460 2.85 0.091 1, 2460 2.84 0.092 
Year 1, 7782 2.38 0.122 1, 7782 1.96 0.161 1, 7782 1.81 0.179 
Traits PC1 × SR 1, 2460 0.50 0.480 1, 2460 0.17 0.676 1, 2460 3.02 0.569 
Traits PC1 × Year 1, 7782 4.62 0.032 1, 7782 4.65 0.031 1, 7782 4.74 0.029 
SR × Year 1, 7782 0.26 0.609 1, 7782 0.17 0.680 1, 7782 0.22 0.638 
Climate covariate  1, 7782 10.33 0.001 1, 7782 5.50 0.019 1, 7782 3.02 0.082 
AIC 6582   6594 6592 
AIC of Model without climate covariate        5803 
Forests     Responses: Species log response ratio of accumulated basal area 
Traits PC2 1, 2460 2.41 0.121 1, 2460 1.11 0.291 1, 2460 2.27 0.132 
SR 1, 2460 1.88 0.170 1, 2460 3.05 0.081 1, 2460 2.82 0.093 
Year 1, 7782 2.48 0.115 1, 7782 2.10 0.148 1, 7782 1.98 0.160 
Traits PC2 × SR 1, 2460 0.01 0.927 1, 2460 0.03 0.869 1, 2460 0.03 0.864 
Traits PC2 × Year 1, 7782 24.48 <0.001 1, 7782 23.54 <0.001 1, 7782 24.70 <0.001 
SR × Year 1, 7782 0.29 0.587 1, 7782 0.20 0.655 1, 7782 0.32 0.573 
Climate covariate  1, 7782 8.88 0.003 1, 7782 5.17 0.023 1, 7782 3.75 0.053 
AIC 6567   6598 6587 
AIC of Model without climate covariate            5829 
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Supplementary Figure 1. Map of locations of the grassland and forest experiments 

included in the study. The 39 grassland experiments are in temperate (n=34), 

Mediterranean (n=2), and boreal (n=3) biomes. The 26 forest experiments are in 

temperate (n=13), tropical and subtropical (n=10), mediterranean (n=2), and boreal 

(n=1) biomes. The worldmap was produced using the R package ‘tmap’.
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Supplementary Figure 2. The relationships of complementarity effect and selection 

effect with plant species richness over time in grassland and forest ecosystems. A-B, 

The effects of species richness on complementarity (A) and selection effects (B) in 

terms of aboveground biomass in grasslands. C-F, The effects of species richness on 

complementarity and selection effects in terms of annual basal area increment (C-D) 

and accumulated total basal area (E-F) in forests. Points are community-level values 

for each plot in the respective year. Lines are mixed effect model fits across all 

experiments.  P values are derived from the significance tests (one-sided F-test) of the 

interaction term for species richness and experimental years in the ANOVA test on 

linear mixed models. Refer to Supplementary Table 3 for detailed statistical analyses. 

To enhance resolution comparing model fit lines, y-axis legends were used that mask 

the most extreme individual values (i.e., 5% of total values are not visible).
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Supplementary Figure 3. The species overyielding (or underyielding) in mixtures in 

relation to plant species richness across experimental years in grassland and forest 

experimental ecosystems. Positive species log response ratio (lnRR) indicates 

overyielding and negative value indicates underyielding. A, The relationship between 

species lnRR of above-ground biomass with species richness in grasslands. B-C, The 

relationship between species lnRR of annual basal area increment (B) and accumulated 

total basal area (C) with species richness in forests. P values are derived from the 

significance tests (one-sided F-test) of the interaction term for species richness and 

experimental years in the ANOVA test on linear mixed models (based on Traits PC1, 

refer to Table 1 for more details). 
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Supplementary Figure 4. Principal component analyses (PCA) of six economics traits of the 

herbaceous species in grasslands and tree species in forests. A, PCA of imputed traits for the 

herbaceous species (n=166). B, PCA of complete measured traits for the herbaceous species 

(n=94). C, PCA of imputed traits of the tree species (n=134). D, PCA of complete measured 

traits of the tree species (n=42). E-F, The distribution of available trait number for herbaceous 

species (median=6) and tree species (median=5) used for imputation. Abbreviations of traits 

are given in Table S1.
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Supplementary Figure 5. Species log response ratio in mixed-species communities in relation 

to plant economics traits (A: Traits PC1; B: Traits PC2) across all experiments (blue thick lines 

with bands indicating 95% confidence intervals) and within each experiment (grey thin lines) 

over experimental years in grassland experimental ecosystems. Points are the mean log 

response for each combination of species and year in each experiment. 
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Supplementary Figure 6. Species log response ratio in mixed-species communities in relation 

to plant economics traits across all experiments (blue thick lines with bands indicating 95% 

confidence intervals) and within each experiment (grey thin lines) over experimental years in 

forest experimental ecosystems. A-B, The relationship between species lnRR of annual basal 

area increment with plant economics traits. C-D, The relationship between species lnRR of 

accumulated basal area with plant economics traits. Points are the mean species  response ratio 

for each combination of species and year in each experiment.
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Supplementary Figure 7. Slopes of species log response ratio (lnRR) over time in 

relation to plant economics traits in grassland and forest ecosystems. Circles represent 

the slopes of species lnRR over time of each species, and error bars are 95% credible 

intervals on the mean. Only the significant slopes are shown. Positive slope indicates 

species lnRR increases over time, whereas negative slope indicates lnRR decreases over 

time. A-B, In grasslands, the slopes of secies lnRR over time based on biomass 

decreased with species traits PC1 (P = 0.009) and PC2 (P = 0.018). C-F, In forests, the 

slopes of species lnRR over time based on annual basal area increment decreased with 

species traits PC1 (P = 0.645) but increased with PC2 (P = 0.535), whereas the slopes 

of species lnRR based on accumulated total basal area over time weakly increased with 

species traits PC1 (P = 0.600) and PC2 (P = 0.022). P values are derived from the two-

sided t test.
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Supplementary Figure 8. Species overyielding (or underyielding) of aboveground 

biomass in mixed-species communities in relation to plant economics traits (including 

gap-filling values) across experimental years in grasslands (n=39). Positive species 

log response ratio (lnRR) indicates overyielding and negative value indicates 

underyielding. Points represent the lnRR for each species and year in each experiment. 

P values are derived from the significance tests (one-sided F-test) of the interaction 

term for plant economics traits and experimental years in the ANOVA test on linear 

mixed models.
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Supplementary Figure 9. Species overyielding (or underyielding) of aboveground 

biomass in mixtures in relation to plant economics traits (including gap-filling values) 

across experimental years in grassland experimental ecosystems across 18 years. 

Positive species log response ratio (lnRR) indicates overyielding and negative value 

indicates underyielding. Points represent the lnRR for each species and year in each 

experiment. P values are derived from the significance tests (one-sided F-test) of the 

interaction term for plant economics traits and experimental years in the ANOVA test 

on linear mixed models.



20 
 

 

Supplementary Figure 10. Species overyielding (or underyielding) of annual 

increment of the basal area in relation to plant economics traits (including gap-filling 

values) across experimental years in forests (n= 26). Positive species log response 

ratio (lnRR) indicates overyielding and negative value indicates underyielding. Points 

represent the lnRR for each species and year in each experiment. P values are derived 

from the significance tests (one-sided F-test) of the interaction term for plant 

economics traits and experimental years in the ANOVA test on linear mixed models. 

Abbreviations of traits are given in Table S1.
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Supplementary Figure 11. Species overyielding (or underyielding) of accumulated 

total basal area in relation to plant economics traits (including gap-filling values) 

across experimental years in forests (n=26). Positive species log response ratio (lnRR) 

indicates overyielding and negative value indicates underyielding. Points represent the 

lnRR for each species and year in each experiment. P values are derived from the 

significance tests (one-sided F-test) of the interaction term for plant economics traits 

and experimental years in the ANOVA test on linear mixed models.
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Supplementary Figure 12. Species overyielding (or underyielding) of aboveground 

biomass in relation to plant economics traits (only including measured values) across 

years in grassland experiments (n=39). Positive species log response ratio (lnRR) 

indicates overyielding and negative value indicates underyielding. Points represent the 

lnRR for each species and year in each experiment. P values are derived from the 

significance tests (one-sided F-test; F ratios with numerator degrees of freedom and 

denominator degrees of freedom are also shown) of the interaction term for plant 

economics traits and experimental years in the ANOVA test on linear mixed models. 

See the results with only long-term grassland experiments in supplementary figure 15.
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Supplementary Figure 13. Species overyielding (or underyielding) of annual 

increment of the basal area in relation to plant economics traits (only including 

measured values) across years in forest experiments (n=26). Positive species log 

response ratio (lnRR) indicates overyielding and negative value indicates underyielding. 

Points represent the lnRR for each species and year in each experiment. P values are 

derived from the significance tests (one-sided F-test; F ratios with numerator degrees 

of freedom and denominator degrees of freedom are also shown) of the interaction term 

for plant economics traits and experimental years in the ANOVA test on linear mixed 

models. Abbreviations of traits are given in Table S1.
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Supplementary Figure 14. Species overyielding (or underyielding) of accumulated 

total basal area in relation to plant economics traits (only including measured values) 

across experimental years in forests (n=26). Positive species log response ratio (lnRR) 

indicates overyielding and negative value indicates underyielding. Points represent the 

lnRR for each species and year in each experiment. P values are derived from the 

significance tests (one-sided F-test; F ratios with numerator degrees of freedom and 

denominator degrees of freedom are also shown) of the interaction term for plant 

economics traits and experimental years in the ANOVA test on linear mixed models.
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Supplementary Figure 15. Species overyielding (or underyielding) of aboveground 

biomass in relation to plant economics traits (only including measured values) across 

years in six longest grassland experiments (n=6). Positive species log response ratio 

(lnRR) indicates overyielding and negative value indicates underyielding. Points 

represent the lnRR for each species and year in each experiment. P values are derived 

from the significance tests (one-sided F-test; F ratios with numerator degrees of 

freedom and denominator degrees of freedom are also shown) of the interaction term 

for plant economics traits and experimental years in the ANOVA test on linear mixed 

models. See the results with the data from all grassland eperiments in supplementary 

figure 12.
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Supplementary Methods 

1. Reliability of the imputation of missing trait data 

We assessed the reliability of the imputation of missing trait data using normalized root 

mean squared error. Following Carmona et al.26, we artificially removed trait values 

from the trait dataset with complete empirical trait values and compared the difference 

between the artificially gap-filled data and the data with complete trait values. Firstly, 

we randomly selected the same number of random species from the incomplete data as 

from the complete data. Secondly, we artificially removed trait values following the 

patterns of missing trait values of the subset of species with incomplete information. 

Thirdly, we performed the imputation procedure using the missForest28 approach in the 

artificial dataset. Finally, we compared the difference between real completed trait 

values and trait values with artificial removal and imputation. We used the normalized 

root mean square error (NRMSE) to estimate the average distance between real and 

artificially imputed values of species as a proportion of the range of trait values of 

species. We estimated the overall performance of the imputation procedure by repeating 

this procedure 1000 times and calculating a mean value of NRMSE of each trait, 

respectively. The results showed that the trait imputation for our trait dataset using 

missForest is acceptable. On average, the NRMSE for SLA, LNC, LDMC, SRL, RNC, 

and RTD of tree species was 0.01, 0.04, 0.05, 0.07, 0.08, and 0.08, respectively. The 

NRMSE for SLA, LNC, LDMC, SRL, RNC, and RTD of tree species was 0.01, 0.06, 

0.09, 0.12, 0.13, and 0.14, respectively. 

2. Estimation of accumulated basal area and annual basal area increment for tree 

diversity experiments 

Basal area (BA; m2 ha-1) of each species on each plot was calculated using equation29 



27 
 

(1): 

                                       𝐵𝐴 = 0.00007854 ∗ ∑"#$
!

%
																																								(1)	

Where DBH is the diameter at breast height (cm) and a is the area of the plot (ha).  

For experiments in which DBH is not available, we calculated basal area using basal 

diameter (cm). Although this probably overestimates basal area, it should not influence 

the temporal pattern of species- or community-level overyielding29.  

Annual basal area increment  (IBA;  m2 ha-1 yr-1) of each species on each plot was 

calculated using equation (2)： 

                                              𝐼𝐵𝐴 = #&!'	#&"
)!'	)"

																																																																			(2)	

Where BA2 and BA1 are basal area at time 2 (t2) and time 1 (t1), respectively. 

 3. Quantification of complementarity and selection effects 

We quantified complementarity (CE) and selection effects (SE) by using Loreau and 

Hector’s additive partitioning method30: 

                                         𝐶𝐸 = 𝑁	𝛥𝑅𝑌777777	𝑀9                                                                                       (3) 

                                         𝑆𝐸 = 𝑁	𝑐𝑜𝑣(𝛥𝑅𝑌,𝑀)                                                                           (4) 

Where N is species richness, 𝛥𝑅𝑌 is the difference between the observed and expected 

related yield of each species (calculated as (Po,i /Mi)-1/N), and M is monoculture 

productivity. 

4. Data analysis 

We tested the effects of plant species richness on community-level productivity (as well 

as community overyielding) over time by using linear mixed-effect models. The model 

included plant species richness (SR), experimental year, and SR × year interaction as 

fixed factors. In addition, random terms were considered for each model, including a 

random intercept for each unique plot (i.e., PlotID), a random intercept for each site, 
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and random intercepts and slopes for SR and year per site (allows for differences 

between studies, which have different sown/plant densities and different climatic 

conditions within the site). We also accounted for the autocorrelation due to repeated 

measurements across years within each unique plotID by using a first-order 

autoregressive correlation structure with a time covariate in the residuals (i.e., Time). 

We started with a basic model which only included a random intercept for each unique 

plot, and then constructed additional models that progressively included a range of the 

other random terms and the temporal autocorrelation of residuals. Models with different 

random structures were compared using the Akaike information criterion (AIC). 

Models with the lowest AIC were selected as the final models, which include both 

random intercepts and slopes and the temporal autocorrelation of residuals. 

We then used linear mixed-effect models to assess how species lnRR in mixtures 

were related to plant functional traits and how they change over time. The model 

included plant traits, experimental year, plant species richness (SR), traits × SR 

interaction, traits × year interaction, and SR × year interaction as fixed factors. SR was 

log2-transformed, plant traits were log10-transformed, and the experimental year was 

natural logarithm-transformed to meet the assumptions of linear mixed-effect models. 

In addition, random terms were considered for each model, including a random 

intercept for each species at each unique plot (i.e., SP_PlotID), a random intercept for 

each site, and random intercepts and slopes for SR, traits, and year per site. 

Furthermore, we accounted for the autocorrelation due to repeated measurements 

within each species of each unique plot across years by using a first-order 

autoregressive correlation with a time covariate in the residuals. We started with a basic 

model which only included a random intercept for each species in each unique plot, and 

then constructed additional models that progressively included a range of the other 
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random terms and the temporal autocorrelation of residuals. Models with the lowest 

AIC were selected as the final models, which include both random intercepts and slopes 

and the temporal autocorrelation of residuals.  

 

R codes of linear mixed-effect models: 

Model_community _grassland <- lme(LnRR _Biomass ~ SR*Year, random= list(~1| 
PlotID, ~ (1+SR+Year)|Site), correlation=corAR1(form = ~Time| PlotID), 
control =list(msMaxIter = 1000, msMaxEval = 1000), 
weights=varIdent(~Site), data=Grassland _community)  

Model_community_forest_AI <- lme(LnRR_AI~ SR*Year, random= list(~1| PlotID, 
~ (1+SR+Year)| Site), correlation=corAR1(form = ~Time| PlotID), control 
=list(msMaxIter = 1000, msMaxEval = 1000), weights=varIdent(~Site), 
data=Forest _community_AI)  

Model_sp _community_ba <- lme(LnRR_ba~ SR*Year, random= list(~1| PlotID,~ 
(1+SR+Year)| Site), correlation=corAR1(form = ~Time| PlotID), control 
=list(msMaxIter = 1000, msMaxEval = 1000), weights=varIdent(~Site), 
data=Forest_community_ba) 

Model_sp _grassland <- lme(LnRR_Sp_Biomass ~ Trait*SR + Trait *Year +                 
SR*Year, random = list(~1|SP_PlotID, ~(1+Trait+Year+SR)| Site), 
correlation=corAR1(form = ~Time|SP_ PlotID), control =list(msMaxIter = 
1000, msMaxEval = 1000), weights=varIdent(~Site), data=Grassland_species)  

Model_sp _forest_AI <- lme(LnRR_ Sp_AI~ Trait*SR + Trait *Year+              
SR*Year, random= list(~1|SP_PlotID, ~ (1+Trait+Year+SR)| Site), 
correlation=corAR1(form = ~Time|SP_PlotID), control =list(msMaxIter = 
1000, msMaxEval = 1000), weights=varIdent(~Site), 
data=Forest_sp_species_AI)  

Model_sp _forest_ba <- lme(LnRR_ Sp_ba~ Trait*SR + Trait *Year+              
SR*Year, random= list(~1|SP_PlotID, ~ (1+Trait+Year+SR)| Site), 
correlation=corAR1(form = ~Time|SP_ PlotID), control =list(msMaxIter = 
1000, msMaxEval = 1000), weights=varIdent(~Site), 
data=Forest_sp_species_ba)  
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