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TableS1
Details on the 16 sites with data on N concentnatidond in total harvested stand biomass. Listed site®\part of a continental-scale field
experiment that included more locations. For ex¢enidformation to all sites see Kirwahal. (20147.

Site# Country Site name Altitude of Mixture Ncone data for Nconc data for N fertilizer Harvests
experimental type* years co-dominant (kg ha™ per annum
site (m a.s.l.) stands® year™) (year

1 2 3 1,2,3)
1 Belgium Merelbeke 11 @] X 150 43,4
10 Germany_a Renningen 460 ME X X X 150 455
11 Germany_b St. Johann 700 ME X X X 150 4
13 Iceland_a Korpa 35 NE X X X 40 2
14 Iceland_b Korpa 35 NE X X X 80 2
15 Ireland Wexford 54 ME X X X 150 5
18 Lithuania_a Dotnuva 71 ME X X X 120 3
20 Lithuania_c Dotnuva 71 ME X X X 120 3,3,2
22 Norway_a Saerheim 90 ME X X X 0 3
23 Norway_b Tromsg 15 NE X X 60 2
24 Norway c As 95 ME X X 135 3
26 Poland_a Brody 94 ME X X X X 120 4,43
27 Poland_b Brody 91 ME X X 90 4.3
34 Switzerland Zurich-Reckenholz 491 ME X X X X 150 5
35 Wales_a Aberystwyth 30 ME X X 90 4
36 Wales_b Bronydd Mawr 323 ME X 93 4,3,4

*For the sown species in the three types of mixt(M& Mid European, NE: North European, O: Othe® Fable 1, core text
$For the type of stands, i.e. the proportions ofsthen species, see Table S2

TKirwan L, Connolly J, Brophy @t al. (2014) The Agrodiversity Experiment: three yedrdata from a multisite study in intensively manége
grasslandsEcol ogy, 95, 2680.



Table S2

Sowing proportions of the two grass and legume species in experimental stands at
each site. The fifteen stands were repeated at two levels of seed density, the lower
being 60% of the higher density, resulting in a total of 30 established plots per site.
Gl: fast establishing grass, G2: temporally persistent grass, L1: fast establishing
legume, L2: temporally persistent legume. Species names are given in Table 1, core

text.
Type of stand Gl G2 L1 L2
Equi-proportional mixture 0.25 0.25 0.25 0.25
Dominant mixtures 0.70 0.10 0.10 0.10
0.10 0.70 0.10 0.10
0.10 0.10 0.70 0.10
0.10 0.10 0.10 0.70
Co-dominant mixtures 0.40 0.40 0.10 0.10
0.40 0.10 0.40 0.10
0.40 0.10 0.10 0.40
0.10 0.40 0.40 0.10
0.10 0.40 0.10 0.40
0.10 0.10 0.40 0.40
Monocultures 1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1




Appendix A. Supporting text and infor mation on the methods and analyses

Validation of the NIRS method

Mathematical evaluation of the NIRS spectra wasopered using the Modified Partial Least
Squares method (WinISI software version 3, Infradoternational, USA). The NIRS
calibration was based on 278 samples — selectezgptesent the whole spectral and chemical
variability — for which nitrogen concentration {\) was directly determined with an
elemental analyzer applying the DUMAS combustionthoe (Vario Max CN, Elementar
Analysensysteme, Hanau, Germany). The calibratawered a range of 0.51 - 4.56% N in
dry matter with a mean of 2.30, a standard dewnatib0.814, and explained 99.0% of the
variance in Nono

Assessment of the NIRS spectra of the full dataseealed a very evenly distributed
population. As generally expected, a few outliessevobserved. These, however, were non-
systematic regarding sites or mixture type, indingathat no particular types of samples have
been determined as outliers due to the diverseiggpaonditions or due to high shares of
local unsown species. Reasons for this are thet ssimmon protocol for sample preparation
and the systematic use of comparable grass-clomwtumas across all sites.

The NIRS method was back-validated by regressing rEBidomly selected, independent
Nconc determinations against the values obtained byectdmeasurement with the elemental
analyzer. The slope of this relationship was egtoh@o be 0.992 (confidence interval: 0.974,
1.010), the linear relationship accounted for 98.8f4he variance in the data with.d\:
covering the relevant range, and the standard efr@stimation of independent validation
samples was 0.079 (% N in dry matter), suggesting:larelation between NIRS and
elemental analyzer data. There were no outlietisarvalidation dataset.

Confounding effects of total biomass

It must be assumed that,Ns closely related to the total biomass producgthk swards, as
Nyt IS the product of N concentration and total haessbiomass. This would suggest
including total stand biomass as a covariate imessjon analyses of egs. 1 (core text), S1 &
S2 (below). However, total biomass production soatrongly affected by legume proportion
(e.g. Nyfeleret al., 2009; Finret al., 2013), used as the regression predictor of majerest

in our analyses. Including total harvested biomassegressions of egs. 1, S1 & S2 would
therefore have led to highly correlated predictansl the associated aberrations (Graham,
2003; Dormanret al., 2013). To avoid this, sequential regression wasied: total biomass
was first regressed on legume proportion (using sheme model specification as egs.
1/S1/S2), and residuals of this first model wereduss the biomass predictor, termed
DeltaBiomass, in eqgs. 1, S1 & S2. It follows that the bioma$ea as modelled in these
equations is uncorrelated to legume proportion explains variation in N additional to the
contribution it already has through its relatiopshith legume proportion.



Linear mixed model to equation 1: regressing Ni: on legume proportion

Equation 1, core text, was extended to a model evhkrcoefficients were estimated for each
of three years, and where random coefficients \mdoked to estimate the general (population)
stand performance while allowing for variation &g aites for each of the three years:

3
Nior = E(ﬁm + by:) * year; +
t=1
3

Z(.Blt+b1t)PLeg.t * yeary + (B¢ +b2t)PLeg.t2 * yeary + (ﬁ3t+b3t)PLeg.t3 * yeary +
t=1

3 3

Z(at + a;)D *year; + Z(yt + g;)DeltaBiomass * year; + &

t=1 t=1

eqn. S1

Here, B;; coefficients ( = 1,2,3) estimate the general linear and non-iredtects of stand
legume proportionP,.; on Not in each of three year§ f,. estimates W in grass
monoculture B, . = 0) including potential weeds, ard andy; give the general effects of
seed densityp and DeltaBiomass, respectively. Coefficient®;, a;, and g, estimate the
variance across sites with ~ N(0, 05%), a; ~ N(0,04:%), andg, ~ N(0,0,.%). The error
term ise; ~ N(0,X). An unstructured covariance matrix among randamge,, a,, andg;
within each year was initially included. Moreovean interaction betweerP,., and
DeltaBiomass was tested and included, while a term for unsopeties proved to be non-
significant and was omitted.

Restricted maximum likelihood was used for fixedrgmaeter and variance estimation
(Pinheiro & Bates, 2009). To stabilize convergenéethe likelihood, P, was centered
around its mean of all predictor years, that i€ thean of sown legume proportion and
realized legume proportions of years 1 and 2. Cquesetly, centered®,., was also implied
for fixed parameter testing as displayed in Tahlede text, using the full likelihood. Note
that estimates of §y for varying legume proportions as provided in EaBland Fig. 4, core
text, do not differ whethe®, ., is centered or not.

Regarding modeling strategy, the variance structvme held in accordance with the fixed
effect terms. For example, it appeared that theraation of the cubic legume term with year
(PLeg,t3 * year;) was non-significant and was therefore omittedetduce model complexity,
accordingly, a single random coefficignt was retained in the model. The final model (Table
2, core text), from which estimates of,Mnd Nyin were derived (Table 3, core text), omitted
non-significant density effects and interactionsd ancluded an unstructured covariance
matrix of b, terms within and among years. Random coefficients for the covariate
DeltaBiomass (g,) had to be omitted due to convergence problemswhet fit on simpler
models, g, terms were of negligible size. FurthéreltaBiomass was kept at zero for all
predictions, i.e. at the mean of the residuals ftbm first stage model (see “Confounding
effects of total biomass” above).



To receive average site values, a further modekssgd the average,Nacross the first two
experimental years on sown legume proportion. @mty years were considered, because the
large majority of sites had data for this time-spEms resulted in the simplified equation:

Niot = (Bo + bo) + (B1 + b1)Preg + (B2 +b2)PLeg2 + (ﬁ3+b3)PLeg3 + (v + g)DeltaBiomass + €
eqn. S2

with fixed and random terms as specified for egh.a8d an unstructured covariance matrix
among randonb andg terms. An interaction term, ., x DeltaBiomass was includedKy 31>

= 9.4, P = 0.002). Seed densitlp was tested initially, but was omitted due to non-
significance.

Finally, we note that — convenient to all regressigpproaches — replicates of stand compo-
sitions are not essential for estimation of coedfits and their standard errors. Estimates and
inference in such regressions are based on thdusdsvariation around the model fitted,
which derives from all stands in the design. Ihateworthy that predictions ofifjNbased on
egs. S1 & S2 were highly reliable, indicated byhhigprrelation between predicted and
observed valuesr{ > 0.95), and by accurate model fits to individuaksi(see Fig. S1,
Supporting Information).

Justification for pooling individual species performance to functional groups

Niot In bulk biomass of monocultures and mixtures waisaily analysed using a regression-
based approach following Kirwaet al. (2009). Here, an ecosystem response (e« N
modeled as a linear combination of i) identity eféeof species as represented by their
monoculture performance, ii) species net interasti(being positive, negative, or neutral)
that are defined as the difference between theahatixture performance and that expected
from the relative contribution of the constituenbmocultures, and iii) any further factors
applied, such as seed density in our case. Thisoapp allowed regressingNin stand
biomass on the proportional biomass contributidnthe four sown species and the unsown
species fraction (US), which led to the followirggrhulation:

Niot = B1Pg1 + B2Ps2 + B3P + BaPry + BsPys +
61Pggr + 02Pywer + 63Psys + aD + yDeltaBiomass + ¢ eqn. S3

whereP represents the proportional biomass of speciegtifimal types in a stand (harvested
biomass proportions of previous year, sown propostifor year 1). The identity effect of
each functional type and unsown species is thumasd byp; to B, i.e. the model estimate
of Nyt Of a species grown in monoculture. Pairwise irtgoas between species functional
types were grouped together to reveal specificalfgcts between non-fixing grass and N
fixing legume species (BGL) on N within grasses and legumes (WGL) representing
interactions betweefast establishing and temporally persistent speeed between sown
grass and legume species and the unsown speaitisrir§SUS). These interactions entered
the model by the sum of pairwise products of praopos, denoted with:



Ppgr = Pg1 * Py + Pgy % Py + Py * Py + Py x Py
Py = Pg1 * Pgp + Py x Ppy

Psys = Pg1 * Pys + Pgy * Pys + Py * Pys + Ppy * Pyg egs. S4

6, to 85 estimate therefore the net interactions betweemathin functional types of grasses
and legumes and their interactions with unsown ispecThe effect of seed density is
estimated byr, with D denoting the level of seed density coded as -1+anidr low and high
density, respectively, so all other terms are estoh at average density. A potential effect of
DeltaBiomass on the response variable is estimated by jtheoefficient (see paragraph
“Confounding effects of total biomass” for defiwiti of DeltaBiomass).

The basic egn. S3 was extended to a random caeffeciapproach, where a general
(population) relation of N; to species’ biomass proportions was estimatecéoh of three
years while allowing for variation across sitesnfigiro & Bates, 2009). The identity and
interaction effects were included in the model ath liixed and random terms, leading to:
3 5
Neor = 2 (Bit+bit) Py * yeary +
1

t=1i=

Z Z(Sjt+djt)Pjt * yeary +

3 3
Z(at + a;)D *year; + Z(yt + g:)DeltaBiomass * year; + &
t=1 t=1

eqn. S5

The coefficients;; estimate the general identity effect of the fopeges (and unsown)
(G1, G2, L1, L2, US) in each of three ye&rdkewise, coefficientsy;, estimate the general
effect of the three kind of interactions betweenchional types (BGL, WGL, SUS) in each
year, andx, andy; the general effects of seed density and fluctaatia total stand biomass,
respectively. Coefficients;,, d;., a;, andg, estimate the variance across sites wjth~
N(0,0pit?), djt ~ N(0,045:%), a ~ N(0,04:%), and g, ~ N(0,04.*). The error term is
g ~ N(0,%). Correlations among random terms within years waoe included due to
convergence problems, but fitting three independeatels to each of three years’ data
including such correlation revealed qualitativeig same results.

Within this framework, an additional model assesdetiaverage interaction of all possible
pairwise products of proportions Wity r = Pger + Py + Psys, the effect being
estimated by a single coefficiedyt,; for each of three yeatsleading to:

3 5
Nior = 2 (Bi¢+bie) Py * yeary +

t=1i=1

3

Z(6AVE.t+dAVE.t)PAVE.t * yeary +
t=1



3 3
E(at + a;)D *year; + Z(yt + g;)DeltaBiomass * year; + &
t=1 t=1

eqn. S6

with dayg: ~ N(0,044v52), and remaining terms as for eqn. S5. Estimatégipbased on
egs. S5 & S6 are given in Table S3, Supportingrin&dion.

In the regressions following eqs. S5 & S6, it beeapparent that interactions affecting:N
were mainly between non-fixing grasses andfiXing legumes (BGL), but to a far lesser
extent between fast establishing and temporallgigtent species within grasses and legumes
(WGL; compare Table S3, Supporting Information)rtker, the identity effects (i.e. N
response in monocultures) for each of the two fonal types within grasses and legumes
were similar (Table S3, compare estimates and #tairdard errors of Gis. G2, and L1vs.
L2). It was therefore tested whether the identitigats of fast establishing and persistent
species functional types within grasses and leguroe&l be collapsed to one effect, more
formally, whetherf,Ps1 + B2Ps2 = Berass(Pe1 + Ps2) = Berass * Perass» and likewise for
legumes. It appeared that this grouping was parsmos for grasses in each of three
experimental yeard(> 0.5 each) and legumeB $ 0.07 in year 1P > 0.2 in year 2P > 0.5

in year 3). In conjunction with the predominanteisiction effectsbetween grasses and
legumes (BGL effect, Table S3), it was concludeat this grouping was justifiable and that
Nt could be analysed in a more parsimonious way divattly would reveal the effect of
legume proportion on @, which lead to egn. S1.
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Table S3
Predicted total nitrogen vieldN; kg ha® year') of monocultures, and predictéd, and mixing effects of the equi-proportional mixuacross all

sites. Given are the fixed effect means based sn $6/S6, Appendix A, Supporting Information. Nthat eqgs. S5/S6 were part of a preliminary
analysis described in Appendix A.

Year Monocultures® Equal stand mixture
Niot Niot Mixing effects®
G1 (SE) G2 (SE) L1 (SE) L2 (SE) US (SE) X AVE BGL WGL SuUS
1 176.2 (23.2) 186.8 (27.9) 334.0 (43.8) 237.6 (29.5) I 233.6 305.5 71.8%** 52.8%* 190" -
2 160.4 (22.7) 174.4 (28.1) 256.2 (23.6) 217.8(26.2) 156.0 (51.7) 193.0 263.7 70.8* 31.4* 6.6 -14.9™
3 115.8 (19.3) 133.9 (24.4) 189.3 (35.2) 213.8(26.2) 115.4(30.5) 153.6 188.6 34.9™ -6.4™ 9.0™ -2.0™

*G1: fast establishing grass, G2: temporally pesisgrass, L1: fast establishing legume, L2: temibppersistent legume, US: unsown species, inmheses:
1 standard errok: average (linear mean) of the four monoculturesld®. Seed density was not significant and was omitted.

$Mixing effects are given for the equi-proportiomaixture (i.e. equal proportion of the four sown cips and the pooled unsown species) and are cedula the
difference of N,; between the equal stand mixture andWixing effects were assessed following eqn. SSitting the interaction terms into interactioretveeen
grasses and legumes (BGL), within grasses and leg#GL), and between the four sown species anttgamsown species (SUS). A further model following
egn. S6 assessed the average interaction (AVEgepting all pairwise effects. Values qffor monoculturesy, and for the equal stand mixture refer to egn. S6.

"No estimation of ; for US and SUS in year 1 because unsown speciesimigially absent.

% P<0,001, *P<0.01,*P<0.05"P<0.1, ns: not significant



Table A4

Summary of environmental variables, total nitrogexd in pure grass stands{fjasy and mixtures (Mwmix), and N gain in mixtures @dnmix
= Notmix MINUS Nograsy. Site means across the first two experimentatsyage provided; see Materials and Methods, cote fier details on
computation. Values of dmix and Nyainmix are predicted for a mixture with one third propmrtof legumes and two thirds of grasses.

Site# Annual Mean annual Maximum Minimum Productivity Niotgrass Niotmix Ngainmix
precipitation  temperature temperature temperature  (t ha® year™) (kg ha' year') (kg ha’year?) (kg ha™year?)
(mmyear)! ()T (T) ()

1 616 10.9 32.3 -6.2 10.4 180 431 251
10 639 9.0 29.9 -13.4 13.0 260 398 138
11 1046 7.4 30.2 -15.8 12.0 291 384 93
13 1179 5.6 21.7 -13.5 3.9 61 93 32
14 1033 5.0 21.8 -13.5 2.3 39 54 15
15 932 10.5 22.5 -0.9 14.1 355 461 106
18 506 7.1 28.8 -18.0 8.0 145 173 28
20 492 7.1 28.2 16.5 7.8 113 155 42
22 1415 8.1 23.8 -5.7 4.3 106 317 211
23 1221 4.2 23.3 -11.3 6.4 92 217 125
24 800 6.4 27.3 -17.5 10.4 163 255 92
26 625 9.0 30.6 -11.9 9.4 189 201 12
27 607 9.3 32.3 -14.6 8.8 266 251 -15
34 863 9.9 325 -9.5 8.4 203 441 238
35 1101 10.5 24.7 -5.8 10.6 221 358 137
36 1556 # 24.6 -4.4 6.9 111 220 109

*Missing data
"Differences to Kirwaret al. (2014) are due to different time-spans for cakioita

Kirwan L, Connolly J, Brophy @t al. (2014) The Agrodiversity Experiment: three yedrdata from a multisite study in intensively managgasslands.
Ecology, 95, 2680.



Table S5
Correlation matrix of the five environmental vailied on which the response variables in

Table S7 were regressed. Displayed is the Pearsoelation coefficient R) and its
significance. Prod: Site productivity; Precip: Amhirecipitation; MAT: Mean annual
temperature; Tmin: Minimum site temperature; Tmdaximum site temperature.

Prod Precip MAT Tmin
Precip -0.413™
MAT 0.635* -0.311"™
Tmin 0.146" 0.503* 0.596*
Tmax 0.461" -0.674* 0.495' -0.308™

* P<0.01, *P<0.05,"P<0.1, ns: not significant



Table S6

Fixed parameter estimates and their standard efoorsotal N yield (No)
resulting from the linear mixed model (eqn. S1, &pgix A). Linear and non-
linear legume terms were centered around the meah predictor years (i.e.
the mean of sown legume proportion and realizedrntegproportions of year 1
and 2) to stabilize convergence of parameter eitma

Niot Standard error
Year 1 (kg ha™ year™)
Intercept” 291.5 32.35
Legume linear® 122.2 22.31
Legume quadratic® -377.8 85.43
Legume cubic® 320.8 108.95
DeltaBiomass' 24.8 1.00
Legume x DeltaBiomass' 4.1 1.80
Year 2
Intercept* 254.8 32.94
Legume linear® 37.2 25.31
Legume quadratic® - -
Legume cubic® . -
DeltaBiomass' 19.3 1.02
Legume x DeltaBiomass' - -
Year 3
Intercept’ 196.3 24.78
Legume linear® 23.8 14.20

Legume quadratic® - -
Legume cubic® - -
DeltaBiomass' 20.2 1.65
Legume x DeltaBiomass' - -

*Intercepts representNof a mixture with 37% legume proportion, the mésgume
proportion across all predictor years. Note that ‘thiear” effect in Table 2, core
text, refers to differing intercepts among years.

SLinear and non-linear legume terms represent tfeetedn N by changing legume
proportion. The “Legume x Year” interaction (Taldgcore text) refers to differing
linear effects of legume proportion on,Namong years. Non-linear legume terms
had no interactions with year; therefore, in y&aehd 3, these are similar to year 1.

"DeltaBiomass is uncorrelated to the other predsctand represents an effect of
fluctuations in stand biomass (in t"hgear') on N (see Appendix A, Supporting
Information, for further explanation). The “DeltaiBnass x Year” interaction (Table
2, core text) refers to differing effects of DeltaBass on l; among years.

"There was no further interaction of “Legume x DBiamass” with year.



Table S7

Summary of regressions relating realized legumeqgat@n, total nitrogen yield in mixture
(Nwtmix), @and the relative N yield gain in mixture gNmi/Niwomix) t0 Site productivity and
four climatic variables. Note that site 15 (Irelameéas omitted from these analyses because
legumes were absent from the second year onward.

Predictor terms Regression
A) Realized legume proportion t value P value A -2 log
Likelihood

1 Productivity 0.18 0.858 <0.1

2 Annual precipitation 1.70 0.113 3.0

3 Mean annual temperature” 1.51 0.156 2.4

4 Minimum temperature 3.56 0.003 10.2

5 Maximum temperature -0.16 0.879 <0.1
B) Ntotmix

1 Productivity 3.56 0.003 10.2

2 Annual precipitation -0.27 0.792 0.1

3 Mean annual temperature” 3.76 0.003 10.9

4 Minimum temperature 1.53 0.150 2.5

5 Maximum temperature 2.71 0.018 6.7
C) Ngainmix/Ntotmix

1 Productivity -0.69 0.500 0.5

2 Annual precipitation 2.48 0.027 5.8

3 Mean annual temperature* 0.01 0.991 <0.1

4 Minimum temperature 3.02 0.010 8.0

5 Maximum temperature -1.23 0.241 1.6

¥Missing data for mean annual temperature at ore sit
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Fig. S1 Total N yield (Ni) as affected by sown legume proportion at sixteen sites across
Europe. Displayed Ny is averaged across the first two experimental years and was
analyzed according to egn. S2, Appendix A, Supporting Information.
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Fig. S1 continued The fitted lines to individual sites are derived from the random
variation around the population mean. Note that the effect of stand biomass on N
(DeltaBiomass, egn. S2, Appendix A, Supporting Information) is not considered in these
panels. Including this effect would have resulted in afurther reduction in lack of fit.
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