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24 Supplementary Note 1. Mathematical demonstration of the skewness-kurtosis
25  relationships and its implications

26  Mean, variance, skewness and kurtosis are the four first moments of a probability density
27  function (p(x)) for a given stochastic variable (x). A moment of a probability density function

28  is defined so that:
29 W= E[(x -] = fjooo(x — W/ p(x)dx equation (S1);
30  where y;, represents the ;" moment of the probability density function. The general equations

31  for any distribution might thus be read as:

32 Mean=u=E[X] = ffooo xp(x)dx equation (S2);
33 Variance = 0% = u, = E[(X — w)?] = ffooo(x — w?p(x)dx equation (S3);
34  Skewness =y, = ﬁ = % equation (S4);
35  Kurtosis =y, = Z—‘ZZ* = % equation (S5);

36 being o the standard deviation of the probability density function; skewness and kurtosis are
37  divided by ¢° and 6" to render them dimensionless.

38 Skewness and kurtosis are not independent because there are some relationships
39 among moments that are based on far more general inequalities. One of them is that of
40  Cauchy-Schwarz®’, which states that, for two real and integral functions f(x) and g(x), it holds

41 that :

2 (2 f@gdx) < (I7 Fe0rdx)([7. g(x)2dx) equation (S6),
43 Except for the case in which f(x) = kg(x), being k a real constant. Then, for instance, with a

44  probability density function, we can write:

45 f)g() = (x —w3p(x) = [(x — W2 /p)][(x — W/p()] equation (S7);

46  Therefore,
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47 (fjooo(x - ﬂ)gp(x)dx)z < (fjooo(x - ﬂ)4p(X)dx)(ff°oo(x — w)?p(x)dx) equation (S8);
48  From the equations (S4) and (S5), it follows that:

49  pz =vyi0® < pyot =y,0° equation (S9);
50  Therefore, it is always true that:

51y, =vE equation (S10);

52 If we change the premise in (S7) such that:

53 fl)gx)=(x—w?prkx) = [(x — u)z,/p(x)][,/p(x)] equation (S11);
54

55  Following the Cauchy-Schwarz inequalities (S6), we will get that:

seeeqn 3 and 5

6 (J5, 00— wPp()dx)” < (J, 0 — w*p()dx) (), p(x)dz) ===y, 2 1

57 equation (S12);

58  Thus, in principle kurtosis has a lower boundary which restricts its value to be greater than the
59  maximum between 1 and skewness square:

60 vy, = max{1,y?} equation (S13);

61  To extract a better approximation of the lower bound, we can get it from:

62 El(x—pu+a)(x—u+b)?1=0 equation (S14);

63  Since the two terms in the parenthesis are non-negative for a and b real; by defining u = a+b

64  and w=ab and expanding the product we get that:

65 Yy + é(u2 + 2w) + iu + ﬁwz >0 equation (S15);
66  Taking derivatives, the minimum happens for:

67  (UW)pmin = (—y20,—02) equation (S16);
68  Therefore:

69 Y, =1+y? equation (S17);
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70 This inequality is always satisfied. There is neither absolute continuous nor discrete
71 distribution that does not satisfy this inequality. The obvious conclusion of this mathematical
72 demonstration is that the relationship between skewness and kurtosis will be found as part of
73 the intrinsic properties of both moments in any probability density function. However, for a
74  sample of a stochastic variable following a given distribution, we only know the lower
75  boundary of this relationship. The actual relationship will vary depending on the type of
76  distributions and the sample size under consideration. By taking into account these issues
77  (equal sample size, and assuming equal distributions types of traits), we found in this study
78  that the observed samples converged toward the lower boundary more often than expected by
79  chance (see Main Text).

80 The SKR is a mathematical tool that is commonly used in various scientific fields,
81 including economy, climatology, geomorphology, physics or astronomy>**®’ (See Fig. 2

29,68 -
7, 1e., to

82 Main text). The SKR is used in economy and finance to optimize budget portfolios
83  maximize benefits and to minimize costs in multiple investments. In ecology, the SKR has
84  important implications for the study of species coexistence and ecosystem functioning (see
85  Main Text). The skewness and kurtosis complement the mean and the variance by describing
86  the shape of the distribution, i.e. how species abundance is distributed within communities as
87 a function of their trait values. The shape of the trait abundance distributions can be
88  considered as the functional counterpart to the species abundance distribution®. In contrast to
89  the mean and the variance, the skewness and the kurtosis are unitless. The mean and the
90  variance characterize the functional identity of the community considered, e.g. (i) whether the
91  community is dominated by tall or small plant species (mean); (ii) whether the range of trait

92 values and the dispersion of their abundance is large or small (variance). By focusing on the

93  shape of the distributions, the skewness and kurtosis describe the asymmetry, evenness and
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94  diversity of trait abundance distributions®~"?

, independently from the type of community
95  considered.

96 Our approach, based on a quantitative investigation of the shape of the trait-abundance
97  distribution, has several advantages. First, the mathematical behaviour of the SKR is well
98  described’’. Second, the SKR has a lower boundary which defines the lowest value of kurtosis
99  expected for any degree of skewness. It can thus be used in ecology to define the potential
100 maxima of functional trait diversity expected for any degree of skewness. While species

70772, the

101 richness may bias functional diversity assessments using trait dispersion indices
102 skewness and kurtosis are largely independent from species richness (Supplementary Table
103 2). This independence makes our analysis robust to the species pool used in our null model
104  analyses (Table 1) and allows us to clearly disentangle the effect of species richness from the
105 effect of functional trait diversity on multifunctionality (see Main Text). Finally, our approach
106  also takes advantage of the mathematical relationship between skewness and kurtosis to fully

107 isolate the effect of trait differences on the trait diversity observed within communities once

108 controlling for the degree of skewness (see Main Text).
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110  Supplementary Note 2. Additional results on community assembly

111 The empirical SKRs strongly differed from the predicted values obtained from the three null
112 models (Table 1 Main Text, Supplementary Figure 2). The results were highly consistent for
113 both specific leaf area and maximum plant height, and for the three null models considered.
114 The use of log-transformed data improved the detection of non-random patterns (Table 1).

115 The conditional pseudo-P values for the Y-intercept a, P(a|B), were significant for all
116  null models (Table 1a). These results indicated that the observed parameter a of the SKR was
117 lower than expected by chance. We also observed significant conditional pseudo-P values for
118  the slope B, P(B|a), indicating that Bo,s was lower than expected by chance. Consequently, the
119  probability of finding a model that minimize both a and B (P(BNa) was highly significant
120  (Table 1 and Supplementary Figure 2). Finally, the average distance to the lower boundary of
121 the 124 observed kurtosis values (124 communities) was on average shorter than expected by
122 chance (Table 1b) for any degree of skewness. This result indicated that the abundance within
123 communities is generally more evenly distributed than expected by chance. Results were
124 consistent for symmetric (Skewness =~ 0) and asymmetric distributions (Skewness > 0), as
125 well as among the different levels of constrains imposed on species and trait pools considered

126 by the three null models.
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128  Supplementary Note 3. Additional results on ecosystem multifunctionality

129 The averaged model for multifunctionality (based on all best models with AAICc < 2) showed
130 a high explanatory power (adj. R? ~ 0.66; Fig. 4 and Supplementary Table 3). Aridity had a
131 negative effect on multifunctionality (Fig. 4, see also refs.>*® for similar results). Soil pH had
132 a quadratic effect centred on pH = 7, and the content of sand had significant negative effects
133 on multifunctionality. In contrast, the slope and the geographical variables were never
134 significant predictors of multifunctionality.

135 Species richness, the mean, variance, skewness and kurtosis of the trait-abundance
136 distributions were all selected in the averaged model (model 4 in Supplementary Table 3,
137 AAICc > 10 compared to all alternative models). These findings clearly showed that species
138 richness and the mean and variance of trait-abundance distributions were critical to detect the
139 effects of skewness and kurtosis on multifunctionality (Supplementary Table 3).

140 Altogether, species richness and the four moments of the trait-abundance distributions
141 accounted for 58% of the explained variance found in multifunctionality (Fig. 4). Species
142 richness alone accounted for 5% of the explained variance, and had a positive effect on
143 multifunctionality. Our result on species richness is highly consistent with what was reported
144 by Maestre et al.’ when analysing the 224 sites comprising the full database we used (our
145 analyses were restricted to a subset of 124 sites due to the availability of trait data). The four
146  moments of trait-abundance distributions accounted for 52% of the explained variance, with a
147 major effect of skewness and kurtosis (38%). The averaged model included the variance, the
148 skewness, the kurtosis, as well as the square-kurtosis of SLA and height (Supplementary
149 Table 3). Also, we noted that the mean was never selected for height, and was only selected in
150  one third of the cases for SLA. The quadratic term of variance for SLA was the only low
151 moment of the trait-abundance distributions studied that significantly affected

152 multifunctionality (Fig. 4).
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153 Multifunctionality decreased non-linearly as the variance of SLA increased,
154  consistently with previous findings along a regional gradient in Spain®. Decreasing the
155  skewness of height toward left-skewed distributions increased multifunctionality. This result
156  is consistent with previous studies reporting that plant communities dominated by taller plants
157  are generally associated with enhanced multifunctionality in drylands’®. The skewness of SLA
158 had a negligible impact on multifunctionality. Finally, the kurtosis of SLA, and kurtosis® of
159  height significantly impacted multifunctionality.

160 Our null model analyses considering three independent null models and conducted at
161  the ecosystem level showed that the observed relationship between the trait-abundance
162 distributions and multifunctionality cannot be observed by chance (Fig. 4). Pseudo-P values
163 for the Null model Frequency and Richness were < 0.001. In the most constrained null model
164 Independentswap which randomized locally within each communities the trait values across
165  co-occurring species (i.e. local species richness, species abundance distribution and the local
166  trait pool were fixed), we found equivalent Null Model to our observed model (Fig. 4a) only
167 in 5% of the cases (randomization based over 1000 simulations, Pseudo-Pvalue = 0.056, Fig.
168 4b). We can conclude that the observed relationship between the trait-abundance distributions
169  and multifunctionality cannot be observed by chance and that this result is thus robust to the
170 type of null model employed.

171 Including additional functions related to carbon, nitrogen and phosphorus stocks and
172 cycling available from ref. 5 did not affect our results. Multifunctionality values calculated
173 with all of the 22 functions available from that study were highly correlated with the M values
174 calculated with the five variables selected in this study (r> = 0.63; Pvalue < 0.001). Results of
175  model selections also showed a high consistency for the two multifunctionality indices
176  calculated (Supplementary Figure 3). These supplementary results indicated that our analysis

177  is robust to the number of functions used when evaluating multifunctionality.
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178  Supplementary Note 4. Sensitivity analysis of the best select model of Multifunctionality
179  To illustrate the effect of the relationship between skewness and kurtosis on
180  multifunctionality, we conducted a sensitivity analysis of the best selected model (model 4,
181 Fig. 3). We predicted the additive effect of kurtosis and kurtosis® of SLA and maximum plant
182 height on multifunctionality (Fig. 5). We predicted multifunctionality using averaged
183 parameter estimates (a;) of the best selected model (Model 4, see Fig. 4 for model estimates)
184  for: (i) each of the 124 communities studied; (ii) the empirical SKRs for SLA and height, and
185  (iii) the lower boundary. Multifunctionality (M) for SLA and height for each of the 124
186  communities studied was predicted according the following equations:

187 Predicted Mspq= a; log(Kspa) + az log(Ksia)? equation (S18);

188 Predicted My - a3 log(Kp) + a4 log(Kp)? equation (S19);

189  We then predicted multifunctionality for the two empirical SKRs (Fig. 3) by replacing K in
190  equations (S78) and (S79) by their predicted value according to equations (2) and (3) (see
191 Main Text, i.e. Kszq= 1.01 Ssz4? + 1.96; and Ky = 1.06 Si? + 2.92, respectively). We finally
192 predicted multifunctionality at the lower boundary of the SKR by replacing K in equations
193 (823) and (524) by K = §? +1. We predicted multifunctionality for the averaged parameter
194  estimates and for their 95 % confidence intervals (see Main Text).

195 Empirical SKRs (green and red lines in Fig. 5a and 5b) predicted a peak of
196  multifunctionality occurring at their Y-intercept o (when Skewness is set to 0) for a kurtosis
197  value of 1.96 = se 0.217 for SLA (closed to the Uniform distribution) and 2.92 + se .23 for
198  height (closed to the normal distribution). Each empirical SKR also defined a ridge of
199  multifunctionality that minimized loss in ecosystem functions when skewness deviated from 0
200 (Fig. 5). Any deviation from the observed SKRs had strong detrimental effect on
201  multifunctionality. The multifunctionality predicted at the lower boundary (grey shaded area

202 in Fig. 5) was lower than the multifunctionality predicted by the empirical SKR for height
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203  (red line in Fig. 5) for skewness values between -2 and 2. This indicated that increasing trait
204  diversity toward its highest potential value did not necessarily increased multifunctionality the

205 most.
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207  Supplementary Note 5. Details on Null models conducted at the ecosystem levels

208  Ina first step, we ran independently the three null models with an increased level of constraint
209 on the species pool and the trait pool (i.e. the null models: Frequency, Richness, and
210  IndependentSwap, see the community analysis above) to generate the Null-mean, -variance, -
211 skewness and -kurtosis of random distributions of the 124 studied communities (1000
212 randomizations for each null model). In a second step, we estimated multifunctionality for
213 each of the 1000 randomizations. Only the value of the four moments of the trait distributions
214 changed for each randomization procedure (i.e., the 1000 random distributions). All others
215 model parameters were fixed to their observed value (i.e. geographic, abiotic variables and
216  species richness, Fig. 4). For each of the 1000 randomizations, we used the same model
217 selection procedure based on AICc described above (see ecosystem level analysis above;
218 AAICc < 2 to select the best multifunctionality predictors). In a third step, we extracted the
219 simulated adj. R? value of the best selected model for each randomization event (1000
220  simulated adj. R?). We calculated the distribution of the 1000 simulated adj. R?, and compared

221 it to the observed adj. R?to calculate pseudo-P values.
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244 Supplementary Figure 1 | Schematic representation of the calculation of pseudo- and
245 conditional P values. Random parameters of the skewness-kurtosis relationship (SKR), the
246  slope (Prandom) and the Y-intercept (0andom), are represented in blue. The red dot represents the
247  position of the observed parameter of the SKR. All probabilities are calculated as the number

248  of simulated events within the dark blue area divided by the number of events within the light

249  blue area. See the main text for details on the calculations.
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252 Supplementary Figure 2 | Graphical representation of Null and observed SKRs
253 parameters. Blue dots are random parameters of the SKR for the slope B, and the Y -intercept
254 o (randomization n = 2000). We indicated the position of the observed parameters SLA and

255 maximum plant height (green and red dots, respectively).
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258  Supplementary Figure 3 | Effect of abiotic and biotic factors on multifunctionality

259  assessed with 22 functions from Maestre et al.” We show averaged model predictors
260  (standardized coefficients), associated 0.95 confident intervals, and their relative importance

261 (see Supplementary Table 3 for AICc based model selections and model averaging). We also

262 provide adj. R? for the two averaged models and the P-value of each predictor, *, P <0.05; **

263 P >0.01; *** P < 0.001 (see Supplementary Table 1 for more information on the selected

264  functions).
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266  Supplementary Table 1 |C0rrelati0ns (Pearson coefficient) among the functions used,
267 and between them and multifunctionality (M). a. 5 selected functions (M5); b, correlation
268  among 22 functions including ecosystem stocks from ref.” (M22). Blue, green and orange
269  denote functions related to carbon, nitrogen and phosphorus cycles respectively. Grey is our
270  surrogate of productivity (I-NDVI). Abbreviations are: [-NDIV, average annual integral
271 NDVI from 2000 to 2013; AVP (mg P -Kg-1 soil), Available P; FOS (umol PnP-g-1-h-1),
272 Activity of phosphatase; P-HCL (mg P kg-1 soil), inorganic P; TON (%), Total N; AMO (mg
273 N kg-1 soil), Ammonium; NIT (mg N kg-1 soil), Nitrate; DON (mg N kg-1 soil), Dissolved
274 organic N; AMI (mg N kg-1 soil), Aminoacids; PRO (mg N kg-1 soil), proteins; AMP (mg N
275 kg-1 soil day-1), Potential ammonification; NIP (mg N kg-1 soil day-1), Potential
276  nitrification; DP (mg N kg-1 soil day-1), Potential depolymerization; MIN (mg N kg-1 soil
277  day-1), Potential mineralization; NTR (mg N kg-1 soil day-1), Potential N transformation
278  rate; BGL (umol PnP-g-1-h-1), Activity of b-glucosidase; ORC (%), Organic C; PHE (mg C
279 kg-1 soil), Phenols; ARO (mg C kg-1 soil), Aromatic compounds; HEX (mg C kg-1 soil),
280  Hexose content; PEN (mg C kg-1 soil), Pentose content; CARB (mg C kg-1 soil),

281  Carbohydrates (Sum of pentoses + hexoses).
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a. Correlation among the 5 selected functions

I-NDVI FOS  AMP  NTR BGL | M5

F-NDVI 1 0.32 -0.01 0.03 0.20 0.54

FOS 1 0.04 0.34 040 0.76
AMP 1 -0.03 -0.32 0.26
NTR 1 0.57 0.67
BGL 1 0.65
M5 1.00

b. Correlations among the 22 functions

I-NDVI AVP  FOS P-HCL TON AMO NIT | DON' AMI PRO|AMP NIP DEP| MIN NTR BGL|ORC PHE ARO| HEX PEN CARB M22
I-NDV. 1 -0.03 0.32 -0.34 0.28 0.30 0.12 0.26 0.21 0.03 -0.01 0.04 0.01 0.03 0.03 0.20 0.36 0.24 0.20 0.33 -0.05 0.24 |-NDVI X
AVP 1 017 0.25 0.04 0.30 0.21 0.14 0.20 0.03 0.18 0.09 -0.09 0.18 0.09 0.23 -0.02 -0.03 -0.05 0.10 -0.12 0.02 AVP X
FOS 1 -0.24 049 0.54 0.12 0.14 0.44 -0.01 0.04 0.44 -0.06 0.48 0.34 0.40 0.48 0.07 0.05 0.40 -0.24 0.20 FOS X
P-HCL 1 -0.36 -0.20 -0.16 0.04 -0.19 -0.16 0.16 -0.23 -0.24 -0.17 -0.26 -0.12 -0.38 -0.25 -0.25 -0.25 -0.04 -0.22 P-HCL X
TON 1 064 030 0.28 0.68 0.59 -0.36 0.67 0.38 0.53 0.62 0.75 0.95 061 0.68 0.64 0.13 0.58 TON X
AMO 1 042 029 0.82 046 -0.19 0.68 0.17 0.61 057 072 053 0.47 043 0.69 0.03 057 AMO X
NIT 1 -0.05 041 0.35 -0.26 0.35 0.38 0.24 0.39 0.34 0.27 0.26 030 0.15 0.14 0.19 NIT X
DON 1 0.34 015 -0.05 0.13 -0.46 0.11 -0.16 0.38 0.25 0.08 0.11 0.43 -0.05 0.32 DON X
AMI 1 037 -028 072 022 0.62 061 0.73 059 0.44 0.44 055 0.02 045 AMI X
PRO 1 -0.32 0.44 0.54 030 0.54 057 0.56 0.80 0.84 058 038 0.66 PRO X
AMP 1 -0.33 -0.29 0.15 -0.03 -0.32 -0.33 -0.25 -0.36 -0.25 -0.13 -0.26 AMP X
NIP 1 024 088 0.82 068 0.59 036 0.38 0.51 0.13 0.47 NIP X
DEP 1 011 0.63 0.26 0.40 0.64 0.66 0.15 0.22 0.24 DEP X
MIN 1 0.84 055 0.45 025 0.23 041 0.07 0.37 MIN X
NTR 1 057 057 055 0.54 0.41 0.18 0.42 NTR X
BGL 1 069 056 0.58 0.60 0.09 0.53 BGL X
ORC 1 066 071 059 019 0.57 ORC X
PHE 1 096 059 0.33 064 PHE X
ARO 1 056 032 061 ARO X
HEX 1 0.12 0.87 HEX X
PEN 1 060 PEN X
CARB 1 CARB| X
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Supplementary Table 2 | Correlations (Pearson coefficient) among log-transformed explanatory variables of multifunctionality.

Latitude Longl.tude Longitude
(sin) (cos)

029 0.08 0.24 01 -0.16 -0.11 0.14 -0.17 -0.43 -0.26 -0.09 0.15 0.41 -0.02 -0.16 001 | Elevation
0.08 021 047 -0.11 -0.32 0.56 -0.04 -0.55 -0.45 -0.08 0.25 0.09 -0.09 0.04 -0.01 Latitude
-035 023 0.05 0.1 01 -0.05 011 -0.14 -0.15 0.19 0.12 -0.04 022 0.18 L°"(§iitr:’)de
0.21 -0.03 0.07 017 0.17 -0.09 0.2 0.09 0.21 0.36 0.21 -0.41 -0.08 "°"§::de

-031 0.4 028 0.2 0.2 -0.27 -0.02 017 0.05 0.08 0.02 -0.04

0.18 0.4 0.25 0.2 0.2 -0.06 0.17 027 0.15 028 01

-0.24 -0.22 0.08 0.11 013 021 -0.08 0.01 -0.04 -0.19

011 -0.16 -0.15 0.17 0.26 -0.15 -0.03 0.14 0.13

0.24 0.45 014 -0.19 0.05 032 -0.08 0.2

05 -0.15 -0.08 0.2 025 002 -0.14

028 -0.54 0.12 0.4 -0.17 0.2

-0.68 0.28 011 -0.32 035

0.2 0.28 028 0.51

0.08 -0.68 -0.33

-0.38 06

033
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287  Supplementary Table 3 |Results of Model Selection. a. Akaike Information Criterion
288  (AICc and AAICc) of the best selected models for multifunctionality (model with 5
289  functions). b. Results of multiple regression models of multifunctionality (model 4 for
290  multifunctionality indices calculated with 5 and 22 functions, respectively). Model 1
291  included geographic, abiotic predictors and species richness. Model 2 included all selected
292 variables in model 1 plus the mean and variance of trait distributions. Model 3 included all
293 selected variables in model 1 plus the skewness and kurtosis of trait distributions. Model 4
294  included all selected variables in model 1 plus the mean, variance, skewness and kurtosis of
295  trait distributions. We present the Model R?, adj. R? and AICc for all selected models with a
296  AAICc < 2. Abbreviations for predictors are: Geo, geographic; Abio, abiotic; Rich, species
297  richness; Var, variance; Skew, skewness; Kurt, kurtosis; SLA, Specific Leaf Area; H,
298  maximum plant height. See Supplementary Table 1 for more information on the selected

299  functions for each multifunctionality index.
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a. Model Comparaison
Models Model 1 Model 2 Model 3 Model 4
AlCc -38.56 -50.45 -39.88 -64.84
AAICc 26.33 14.44 25.01 0
b. Best Selected Models (AAICc < 2, model 4)
Multifunctionality 5 functions 22 functions
Geo / Abio / Rich
X
MeanSLA
XZ
X
VarSLA
XZ
X
MeanH
XZ
X
VarH
XZ
SkewSLA X
X
KurtSLA
XZ
SkewH X
X
KurtH
XZ
r? 0.715 0.714 0.706 0.705 0.704 0.697
adj. r? 0.659 0.658 0.652 0.651 0.65 0.645
AlCc -64.89 -64.49 -64 -63.83 -63.55 -63.32
AAICc 0 0.4 0.89 1.06 1.35 1.57
300 Weight 0.25 0.2 0.16 0.15 0.13 0.11
301
302
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