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109 The importance of biodiversity in supporting ecosystem functioning is generally well
110 accepted. However, most evidence comes from ssoalk studies, and scaling patterns

111 of biodiversityecosystem functioning ¢EF) remains challenging, in part becaute

112 importance of environmental factors in shapingB relations is poorly understood. Using a
113 forest research platform in which 26 ecosystem functions were measured along gradients of
114 tree species richness in six regions across Europe, we investigatezktémt and the
115 potential drivers of context dependency GEB relationsDespite considerable variation in
116 species richness effects across the continent, we foutahdency for stronger -BF

117 relationsin_drier climates as well as in areas with longeowgng seasons and more
118 functionally. diverse tree specie$he importance of water availability in driving context
119 dependency Suggedtisat as water limitation increases under climate change, biodiversity
120 may become even more important to support high levels of functioning in European forests.
121
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140 Introduction

141 Forests have helpedistain humans for millennia; from the water we drink to the houses we

142 live in, forests provide us witla wealth ofgoodsand servicse. Tree speciesidersity is
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known to promote key forest ecosystem functiomduding primary productior{Paquette &
Messier 2011; Lianget al. 2016) stability of wood production(Juckeret al. 2014)
resistance tdiotic and abiotiadisturbances (Pretzsdt al. 2013b; Jacteét al. 2017)and
nutrient cycling(Richardset al. 2010; Handaet al. 2014) amongst other®espite evidence
that diverseforests are ablegagpport highetevelsof ecosystenfunctioningthanspecies
poor onegdGamfeldtet al. 2013) the importance of tree diversity as a driver of ecosystem
functioning 1s alscknown to vary considerably amastgorest types, gegraphic regions
and in relationto climatic conditions(Paquette & Messier 2011; Pretzsehal. 2013a;
Forrester 2014; Grosset al. 2014; Juckeet al. 2016; Lianget al. 2016; Ratcliffeet al.
2016).This,context dependenayf diversity effectss seen asn obstacle tscaling upand
generalisingbiodiversity experimenidbecausdhe importanceof environmental conditions
in shapingbiodversity-ecosystem functioningB-EF) relationships is poorly understqod
particularly for ecosystem functions other than biomass produ@fiardinaleet al. 2000;
Srivastava & Vellend 2005; Allaet al. 2015).

A number_of.mechanisms have been put forward to explain BvEyF might be context
dependent,, Here we focus on four factors that have received the most attentien in th
literaturei(i) "Resource availabilitythe number of resouraelated niche dimensions, and
thus the potential for niche partitioning, is predicted togoeater inresourcdimited
environmentgHarpoleet al. 2016).Following this reasoning, a greater potential for niche
partitioning should promote higher levels of ecosystem functioning in conditions less
favourable for growthForest stands with poor soil quality have been found to exhibit
stronger positive diversitgffects than stands on highly fertile sdiRretzschet al. 2013a;
Toigoet al, 2015).In addition, along broad climatic gradientsHE relationships havieeen
reported to_be strongest in conditions less favourable for growthRaquette & Messier
2011; Ratcliffeet al. 2016) (ii) Resource heterogeneityiche partitioning between species

can be promoted by spatial heterogeneity of resources (Pacala & Tilman 1994; €atdinal

al. 2000) and=diversity may be more important to guarantee functioning in heterogeneous
environments, due to spatial insurance efféctweauet al. 2003) Heterogeneity of soll
nutrients hasybeen found to promote aboveground biomass production in experimental
grassland communities through increased resource partitiowagkeret al. 2008) (iii)

Biotope spacean increase in biotope space (i.e. the physical space associated with a species’
niche) could also lead to more pronounced diversity effects, as demonstrated imexizeri

grasslands whergreatersoil depth and rooting spadacreasedbiodiversity effets on
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177 biomass production, due to greater differentiation of rooting architectures thitveigioil
178 profile (Dimitrakopoulos & Schmid2004) and (iv) Species functional dissimilarityniche
179 partitioningrequires coexisting species to have different attributes that enable them to utilise
180 available resources in different wagBiaz & Cabido 2001)B-EF relations are therefore
181 predicted torberstronger where coexisting species are more functionally dis@@héamon
182 2000),for example via phenologicdifferenceqSapijanskagt al. 2014)or heterogeneity in
183 rooting or canopy architecturemd shade tolerang@®rassardet al. 2013; Juckeret al.
184 2015).

185

186 How multiple functions cevary in their response to diversiigross complex environmental
187 gradientss'rarely investigate{Cardinaleet al. 2013; Dooleyet al. 2015; RuizBenitoetal.
188 2017).However, identifying patterns in these responses is a key step tawateistanding
189 the mechanismghat give rise to general patterns ofElB. Using a continentvide forest
190 research platforn(FunDivEUROPE; Baetert al, 2013)in six European regionwith
191 differing climatic, edaphic and biotic conditionse testdthe extent and potentidtivers of
192 context dependencyf species richness effeat® 26 ecosystenfunctions (EFs)In a first
193 step we ‘quantified the proportion of total variation in functioning attributable to
194 interregional differences igpecies richnessifects We did thisto determine the importance
195 of species richneslative to other potential driverandto evaluate the extent of contex
196 dependencyn B-EF. Subsequently, wexploredthe environmentainodulators ofspecies
197 richnesseffects foreachEF. For this we designed a hierarchiaglbroachyhich first tested
198 the strength and direction BF responseto species richnesand then identified key drivers
199 of variation inany response (hereafter ‘context variables’). This allowed us to identify the
200 functions thatwere most strongly promoted biyee species richness and the environmental
201 conditions.in which theffect wa strangest.We expeatd B-EF relationsto vary between
202 the six regionsand hypothesigkthat species richness effects ardividual functionswill
203 increaseaalongone or more of the following gradients

204

205 (H1) decreasing resource availabiliguch as lowvater availability angboorsoil fertility;

206 (H2)increasingsoil resourcéneterogeneity

207 (H3)increasingoiotope spacesuch as increasirgpil volume; and

208 (H4) increasingunctional dissimilarity of theegionaltree speciepool.

209

210 Methods
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FunDivEUROPHEEXxploratory Platform
We used data collected from mature forest plots in six regions across Europe as part of the
FunDIVEUROPE projecthttp://www.fundiveurope.eu)Baetenet al. (2013) providedull

detals of the‘Exploratory Platform plot selectionprocedureln short, 209 3& 30 m plots
were setmup=inmature forests in sixegions across Europeboreal forest(Finland;
hemiboreal (Polandemperate deciduou$sermany; mountainous deciduoy®omania;
thermophilous deciduoustaly); and Mediterranean mixe@Spair). In each region between
three and fivetree species were selected ftihhe species poplrepresentingregionally
commonspecieswvith a clear importance for forestriyorest standaere selectetb differ in
tree species_composition and richness; plots consisted of tapgeies sampled from the
species poolalongrichness gradientsf one toup tofive target specietsee Supplementary
Material S1for the location and species poof each regiop Covariation between
environmental ‘conditiongsoil texture, depth, slopeand tree species richnessand
compositionwithin each regiorwas avoided asnuchas possiblgBaetenet al. 2013). In
each plot the diameter at breast height (DBHall trees> 7.5cm DBH was measured and

each tree mapped.

Ecosystem functions

We used26 ecosystenproperties and functions (EFs)easured in the plotnd classified
theminto groupsreflecting basic ecological processssch as nutrient and carbon cycling,
primary production, regeneration amésistanceo perturbatiorand disturbancélable ). A

major strength of the FunDiVEUROPE projecisthatall EFs weremeasured following the
same protocol in each regi@eeSupplementary Material SJ.Irhis led to aconsistent and
extensivecoverage of EFs, with 21 of the functions measured in at least 207 of the 209 plots

(Table 1).EFs were generally weakly correlat@tg. S1.2).

EF data wasused to calcul&e multifunctionality measuefor each ploti) the threshold
approachfellewing Gamfeldtet al. (2008) and van der Plast al. (2016), estimatethe
number_ofsEFS whose value exceeded 30, 50 and 70% of the 95 perfmentilat EF
observed acresall plots. The 95 percentile was used avoid any large outliers unduly
influencing the estimatignand ii) the averaging approach estimatesthe average
standardisedalue of allEFs in each plot(Hooper & Vitousek 1998)See Supplementary
Material S1.2 and Byrnest al. (2014)for the calculation of both approaches.
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245  Plot-level predictors

246 To explainplot-level variation in EFs and multinctionality, we usedtargetspecies richness
247 as a continuous variablHon-target species made up 5% of the basal area across all the plots
248 and given that their contribution to ecosystem functioning is likely to be low, theynwere
249 included@in“the“spmes richness measurlot pecies composition (a categorical variable
250 with 92 levels, where each level reflects a unique combination of target species), total tree
251 basal area (the Stilm of the basal area of all trees per pjaanththe proportion afonifers
252 were included as covariate3pecies compaoson was included to account for the identity of
253 the specieswhich can greatly influence ecosystem functioniHgoperet al. 2005) Basal
254 areawas included to account for withinegion variabilitydue to historical management
255 effectsand™natural disturbancesdthe proportion of conifers was included to accaiant
256  within-region functionakffectsof the two highly dissimilar cladgStahlet al. 2013),which
257 are known to be .important for several of the EFs (e.g. Getyalt2016; Dawucet al. 2017).
258

259 Regional ontext variables

260 To test oufeur-hypothesesye chose ontext variableshat describethe climatic,edaphic
261 and biotic'eonditions oéach regionAll context variables were measured siteexcept for
262 the climate variablegH1): Differences inthe abiotic conditionetween the regionsere
263 described _using a water availability index (WAl = (precipitatiorpotential
264 evapotranspiration)/potential evapotranspirgtioactual evapotranspiration (AET, mm),
265 annualgrowing season length (GSL, number of dapsve 10°C, following Pretzsclet al.
266 (2014), soil sand content (SAND, %) asdil pH (pH). WAI and GSL were both calculated
267 from AGRI4CAST (https://ec.europa.eu/jrc/en/mangsing daily data from 1997 to 2011.
268 AET was derived from the water balance model BILJOGranier et al, 1999;
269 https://appgeodb.nancy.inra.fr/biljoul)VAl refleds the potential drought stress experienced

270 by plants, whilst AET reflects the magnitude and length of conditions favourable to plant
271 growth (Stephenson 1998Both GSL and AETaremeasures of potential climate influence
272 on the produetivity ofhe region howeverthey were weakly correlated (Pearson correlation:
273 r=0.13; p=080) and we used both in the analyseAND was used to describe sailtrient

274 and water retention potentiakhich declinesas the percentage stndincreasegBrady

275 1984) andthe pH of the top 10 cnmineral soil layemwas usedas a indicator ofthe soll

276 nutrient status.

277
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278 (H2): Soil resource heterogeneity was quantified as the coefficient oftivariaf soil
279 moisture in each plot (Mr). (H3): Thevolumetric stone contef&TONES in the upper 30
280 cm of mineral soiwasusedasan indicator of the available belowground growing space
281 biotope spacdsee Appendix S1.3We did not use soil depth because of the lackaof
282 precise measurement in eagglot; however, soils with high ik contentare typically also
283 shallower/

284

285 (H4): Thegfunctional diversityof the specie pool (FDyoo) in each regiorwas used to
286 describe thedissimilarity in trais of the tree species and thus their potential fioiche
287 partitioning, The use ofFDyo0 assumes that theropensity for complementarity between
288 species has more to do with their functional traits than with their biogeographic @orgin,
289 instance, if 'complementarity between native and-mative species is reduced due to the
290 lack of mutualist{Tobneret al. 2014). F3oo Was calculated usinthe mean dissimilarity
291 index of Pavoine & Bonsal(2011) based on seed magsg), maximum height(m),
292 maximum-life span(yrs), leaf nitrogen contenmg g, litter lignin/nitrogen ratio, litter
293  SLA and weed.densityg cni®). These are key functional traits that are indicative of species’
294  ecologicalstratgjies of resource acquisitiogrowth and litter quality(Westobyet al. 2002

295 Appendix ST.3"ANOVA indicated significant (p< 0.(6) differencesin all the context

296 variablesbetween the regior(&igure S13).

297

298 Statistical methods

299 Variance partitioning was used ¢oiantify the proportion of total variation in functioning

300 attributableto species richnesgterregional differences in the effect of species richaess

301 other potential drivers of ecosystefunctioning. Usng the same base modele then

302 explored how species richness effects varied between the regions and what factors could
303 explain thisvariation The analyses weregun in a Bayesian framework using the Stan
304 probabilistie¥modelling language, called from (Rersion 3.2.4)using therstan package

305 (Stan Development Team 201&)l models were run for 5000 iterations of both warm up
306 and sampling We tested for model convergence by running thvEeMC chains with

307 different starting values and checked the trace plots and Rhat staiidtitsan & Hill

308 2007).

309

310 Variance partitioning
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For each EFand multifunctionality measuyeve partitioned the total variance inseveral
componentsusing a multilevelanalysis of variancéGelman & Hill 2007; Hectort al.
2011) Betweenplot variation was attributed to: iggioneffects; ii) speciesichnesseffects;
iii) region x species richnesmteractioneffects iv) species compositiorffects v) other
plot-leveleffects (basal area and proportion of conjfeasid v) residual variation, in the

following model:

EF; = B°% 9" + Bl SRy + Bith + BP.BA; + B{T.CP + ¢ 1)

where EF; issthe predicted ecosystem function in plgg® is the grand mearfor the EF,

ﬂjr(eig’i‘mis the/effect ofregion(j = 1, ...,6),87is the regiorspecific slope of the species

richness effecti.e. the interaction between region andclﬁpxerichnessﬁ,ﬁgc is the effect of
species composition (k = 1, ...,92ndg>e andﬁfp are the slopefor the effects obasal
area (BA)'" and proportion of conifers(CP), respectively Plotlevel residual error was
modelled fom anormal distribution £;~N (0, 52)) and the regioregion xspecies richness
interaction,.and ' compositioneffecs were modelledfrom separatezeremean normal
distributions (e.g.ﬁf5§i°“~N (0, 0% e gion), With 0%, 4:0n @ SUperpopulation variance)EF
values were~transformed where necesdarymeetassumptios of normality and were
centred on O and scaled by their standard deviakohowing Gelman & Hill (2007)and
Hectoret al. (2011),the variance componentvere estimatedsthe standard deviatioof
the Ss (€.9.,Sregion. the finite population standard deviation of the redearel effects)and

are independent of the order of terms in the mdélel:-level basal area and proportion of
conifers wereecented on their regional meato reduce thie influence onany context
variable-effeci(see the follaving section for more detail€specially in the casehere the
covariates and context variableere correlated Bell & Jones, 2015). This form of scaling
allows for the withirregion effects of the covariates to be accounted for in the hmae
excludes ampetweenregion effects The variance partitioning analysis was repeated with
the dataset restricted to mixtures of up to three species, to check that the patterns were not

influenced by the different lengths of the species richness gradients in thendifesgions.

Estimation ofpecies richness effecnd drivers of context dependency
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In order totest the drivers of context dependency, feach EFand multifunctionality
measureve estimated the sensitivity of the Epecies richnes®lationship to each context
variablein a hierarchicalmodel. Plotlevel EF or multifunctionality was modelled a@
equation lof the variance partitioning analysik addition, the regiospecific effect of

species "richnesssf”) was modelled as a function afachregionievel context variable

separatelysuch that

T = Qebns T Bsens- CONTEXT; + ¢; (2)
whereasensissthe estimatedintercept, fsensis the sensitivity coefficientCONTEXT s the
context variablein regionj andg; is the residual erroagain modelled from a normal

distribution).The ®ntext variablesverecentred on 0 and scaled by the standard deviation.

The hierarehicalmodel {.e. equations 1 and 2yas run on eackF (and multifunctionality
measure pndseontext variable separately, thus we obtainsenaitivity estimate(fsend for
each EF and context variabd®mbination.We then usd PCA analysis on theensitivity
estimates/send 10 identify the dominanpatterns of cevariation between the EFs in terms of
how the effects of species richness on each EF responded to the context vaxahlesd
PCA because some of the context variables were highly corre(atadbly water
availability and soil pH;Pearsa correlationr = -0.90; p < 0.05; Table S1.1) aRCAIis a
powerful tool for multivariate analysis of correlated variablEse PCA reflects how the
context variables relate to one another in terms of explaining variatioiel, Be. whether
certain types of EFs show simileontextdependent responses to species richness. We used
ANOVA and Tukey's HSD poshoc tests to determinigow EF groups differed in each of
the main=principal components from the POAle also estimatedl) the overall mean
species "“richnessffect for each EF (and multifunctionality measurejsing equation 1
without the region SR interaction termandii) the species richnessffect in each region

without the influence of the context variable (i.e. only equation 1).

Results
Species richness effects and the degree of context dependency
Species richness (SR) explainedyod% of the total variation across dhe ecosystem

functions (EFs, Fig. 1). HoweveBRwas more important for multifunctionalitagsuminga
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50% threshold) than for any of thedividual EFs (explainind.1% of the total variation, Fig.

1). Formostof the EFs the importance of SR varied between regions and the interaction
between region and SR explained more variamtaveragg10% than the main effect of

SR (Fig. 1).Forthe individual variance components estimates see Fig. S2.1 and Table S2.1
The interaction"between region and SR explained the greatgsationin theresistance EFs
(13%) and'the leash the production EFE8%, Fig. S2.2); however, thaifferences were not
significant” (ANOVA: F=1622 p=0206). At the highestthresholdof multifunctionality
tested 70%) the interaction of region with SR variance component was largerfdhamy

of the individual EFs (25% of the total variation, Fig. S2.2). The magnitude of the interaction
of region with SR variance componenggross the EFsvas generally supported when the
SR gradient was restricted to three species (Fig. S&Bgcies composition effects, on
averagegexplainedonly slightly morevariation tharthe interactiorof regionwith SR (14%

and 10% of thetotal variation respectively, Fig. 1). For multifunctionality species
compositionwas of comparable importance to SR and the interaction of region with SR
(11%,11%.and8%, respectivelyFig. 1).

Across theeEFs the meaneffect of SRwaspositive (meareffect size0.06 £ 0.03 95% Cls;

Fig. 2 andthere'were no significamtifferences between the EF groupsZ.0L p = 0.29;

Fig. S24). Insaddition, the mean effect of SR omultifunctionality (50% threshold and
averagebase(l was positive with 95% credible intervals that did muotlude zero The
boreal forest (Finlandhad the largest number of negative SR effedi®%) and the
temperate deciduous forest (Germathg least 19%); consistent with thisSR effects on
multifunctionality (50% threshold) varied across the regions, from strongly positive in

Germany to neutral in Finland.

Drivers of'context dependenityspecies richness effects

There waseconsiderable variability in the extemtf context dependency in the-BF
relationshig«(Fig. S2.5). Howeverthere was a tendency fetronger andnore positive
species richneg$SR) effectswith decreasingvater availability (WAIl)and soil sand content
ard with increasinggrowing season lengthGSL), soil pH, and species pool functional
diversity FDpoo) (Fig. 3. On averagethe absolutsensitivity estimates (degree of context
dependencyjvere greatest foWWAI and evapotranspiratigfhAET; mean|(end: 0.075+ 0.02
and 0.06% 0.02[95% Cls] respectivelyFig. S25) andthe coefficient of variation in soil
moisture (Mar) wasthe least importanimean|3end: 0.048+ 0.01). Variation inSR effects
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409 wasmore $rongly related to the context variablestheresistancé&EFs(mean Rsend 0.8B1 +

410 0.02 than in the productionand regeneratiorEFs (0.044 + 0.01 and 0.047 + 0.01,
411 respectivelyANOVA: F = 5.363 p < 0.001 Fig. S26). SeeSupplementary Material S3 and
412 Table S2.2for the individual 3sens figures andestimatesand Fig. SZ for the variance
413 explained by"each modebSpecies richness effects on multifunctionality (50% thokegh
414 were more psitive in regions with high AETFigs. S25 & S3.28. However, at higher
415 levels of functioning (70%hreshold), andor averagebased multifunctionalitySR effects
416 on multifunctionality were highly sensitive to WAI, GSL amsdnd contentbecoming
417 negative in, regionswith shorer growing seasons, high sand content and high water
418 availability(i.e.Finland, Figs. S2.5 & S3.29 & S3.30).

419

420 Co-variationincontext dependendetween ecosystem functions

421 The largest amount ofariation in the BEF sensitivities was explained later availability
422 and soil pH (PC153.®4, Table 2 & Fig. SB); followed byactual evapotranspirandPC2;
423  23.3%); andfinally growing season length (PCB9.4%). Thesensitivity of SR effects to the
424 main drivers-ofcontext dependency differed between the EFs (Figowégver,there were
425 no significant differences bweveen the EF groups (Fig. S2. With increasing water
426 availability, SR™ had increasingly positive effects on nutrient cycling processes but
427 increasingly.negative effects owitrient and carbon cycling driveiSpecies richnessffects
428 in both groups tended to decrease, and turn weakly negative, with increasing grosamy sea
429 length, whilst the reverse was the case in the EFs related to regeneration and réBigs&ance
430 4,S2.9 &S210).

431

432 Discussion

433 Against a background of pronounced context dependesmcyound asignificant positive
434 effectof tree. spécies richness awide range okcosystem functions Europe’sforests In

435 addition, our=results indicate aendency for species richness effects sxrdme more
436 beneficialfor=multiple ecosystenfunctionswith decreasingclimatic water availabilityas
437 well asincreasing growing season length and functiona ity of the tree species

438

439 Regional importance of species richness for forest ecosystetioning

440 Regional differences in species richness effects accounted for 10% of the varidies in
441 (ranging from 4% to @%, Fig. 1), which is an important contribution across such broad

442 gradients in forst types, climates and s&illThus, ar study isin accordancevith growing
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evidence thabiodiversity effects on ecosystem functioning barsubstantially modifiedy
environmental conditiong¢Cardinaleet al. 2000; Hattenschwileet al. 2005; Paquette &
Messier 2011; Pretzsat al. 2013a; Forrester 2014; Liarg al. 2016; Ratcliffeet al. 2016).
We also foundthat ata continentalscale across multiple functionspecies richneswas
comparable=insimportance to species contjos for ecosystem functioninglVe founda
clear tendency for more positive than negatspecies richness effec{§ig. 2. As a
consequence, our indices of multifunctionality were also positively relatéteé species
richnessingall regions (low or medium threshold), were positive in most regions (high
thresholdand averagéaseql. Interestingly, no ecosystem function responded negatively to
increasing.tree/species richnessall regions. From dorest managemenperspective this
means thatoenversion ofmonospecific stands to multspeciesforests should generally
resultin ahighér delivery of ecosystem goods and seryittass supporting current policies

of forest conversion in several countries (Knekal.2008).

Our results indicate that species richness effects arebeadicialfor the resistanceelated
EFs than forthe production and nutrient cyclingrocessesThis is consistentwith a
qualitative xeview of biodiversity effececross a broad range of ecosyst@md functions
(Srivastava & Vellend 2005We also found that species richne$fectson theresistance
related EFs_weremuch more sensitive tdhe environmental contexthan the other EF
groups.This is in agreement witkwo recent reviewsn which theeffect of tree species
richness on forest resistance to stress and disturbveascéound tostrongly dependon the
type of disturbance and theee sgciesinvolved (Bauhust al. 2017; Jactekt al. 2017).1t
also suggeststhat resistance and regulatory functionsay be espedig susceptible to

changes imiodiversity,as recentlyeportedn grassland¢Solivereset al. 2016).

Water ayvailabilityis the most important driver of context-dependpacies richness effects
From the set'of context variablémtwe tested, water availability was the most important in
changing thesrelationship between species richness and forest func(ieigirg)& Table?2).

We therefaerefound the greatest support for our first hypothesis) Hatthe positive effes

of speciesiichness should increasdtiwresource limitationconsistent withearlier studies
demonstratinghe importance oébiotic gradientsn modulatingdiversity effects(Pretzsch

et al. 2013a; Forrester & Pretzsch 2015; Ratcléteal. 2016).We acknowledge that water
availability and soil pH were highly correlated and that we camumet out that soil pH

contributed to context dependencyowtever, water availability loaded more strongly on

This article is protected by copyright. All rights reserved



477 PC1 than soil pHand, in general, HEF relationswere more sensitive to water availability
478 than soil pH, especialljor functions related to resistance and nutrient cyclvter

479 availability explained the variability in species richness effieetierthan evapotranspiration

480 rates or growing season length, which suggests that species richness effects may be more
481 influenced by the length and severity of drought conditions than they are by the magnitude
482 andlength of conditions favourable to plant groweddoret al. 2016).In general, BEF

483 relations tended tbe more positivéen waterlimited regions (e.g. Spa@ and toturn neutral

484 or negativein regions with high water availability (e.g. Finland@his is consistentith a

485 panEuropean,study of diversity effects on tree gro(Rhtcliffe et al. 2016)and provides

486 further evidencgacross multiple EFghat nichepartitioningmay be particularly important

487 in waterlimited forestgGrossiordet al.2014).

488

489 Species richness effecta some functionswere highly sensitive to evapotranspiratioate

490 (AET), especiallyin the regeneration and resistance functions. However, across the EFs
491 there was n@eneral pattern in the direction of the sensititdyAET. The only exception

492 wasfor the.regeneration functionm which species richness effects bmeamore strongly

493 positive inregions with high AETcentral Europe), in contrast to our expectations from H1
494  Although growing season length was a weak®rdulatorof B-EF relations than war

495 availability, our synthesis revealed a tendency fdeMBrelations to become more strongly
496 positive with increasing growing season lengtbpecially in the resistance ER%is also

497 contradictsour expectations from Hlandsuggests thateasonatomplementaritypetween

498 co-existing speciesnay be an important underlying mechanism of positive species richness
499 effectswhere growing seasons are long eno(kboper & Vitousek 1998; Sapijanskesal.

500 2014).

501

502 Soil sand.contentmoisture variabilityand stone contentere less important in modulating
503 species richness effects than climatic varialflese general pattermvhich was in contrast to

504 our predictionsifrom Hlwas that tree species richness had stronger effects on functioning in
505 forests with*solls that haldigher nutient and wateholding capacitieglow sand content;

506 e.g. Germanysand Romania), especifdlythe nutrient and carbon cycling processes, than
507 soilswith poor nutrient and watdrolding capacities (e.g. Poland and Finlard)s likely

508 that the sensitivity of HEF to soil sand content was an artefadtsoforrelation with several

509 other context variablesWe found limited evidence than increase insoil moisture

510 variability (H2), or biotope spadgi3), promoted strongguositive spe@s richness effects.
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511 However, he ephemeral nature of soil moisture variabilitgtkes it challenging to generalise
512 from single point estimate©ur resultsprovide somesupportfor the hypothesis that a
513 (greatertree speciesunctional diversitypromotesstronger BEF relations(H4). Functional
514 diversity appearedgarticularly important for driving positivepscies richness effecis the

515 resistane&EFs consistent with studies dree growth resilience to wildfirgsSpasojevicet

516 al. 2016)andassociational resistance to herbivoj@astagneyroét al. 2014).

517

518 We foundthatdiversity effectsverestronger, and more important, when multiple ecosystem
519 functionswere,considered simultaneous(yan der Plasgt al. 2016) However, our study
520 emphasises thétere may be tradeffs betweerdifferentfacets of forest functioning in their
521 response 40 Species richness along environmental grafiganibus & Schmerbeck 2010;
522 Cardinaleet al’2013) highlighting the need for contegpecific managemergpproaches
523 Nevertheless, @ found that speciesich forests incentral and southerrEurope support
524 higher levels ofmultiple ecosystem functionthan speciespoor onesln souhern Europe
525 water stress appeardd be thedominantdriver of B-EF relations In central Europe,
526 characterised.by more moderate water stress, factors relating to increasqzhritbaing

527 such as longer/growing season lengths gmediter interspecific functional differencalso
528 appearedto beimportantresulting in stronger overall-BF relations

529

530 Although we found cleapatternsin B-EF relationshipsthere are several limitations to our
531 study Firstly, we excluded noetarget species from the species richness meadlniést the

532 basal area of netarget species wagry low, rare speciemaydisproportionately contribute
533 to biodiversity effectsf they benefit more from reduced intraspecific competition in diverse
534 assemblageshan common speciegComita et al. 2010) However, including nottarget
535 species would have made the assessment of the species composition effect impossible, due
536 to themany.different combination®ifferences in the diversity gradient between the regions
537 may also explain some of the regional variation in the magnitude of species richness effects
538 (e.g. in Finland,with only three target species there may be fewer opportunities for
539 complementarity)compared taegionswith five species). However, a reanalysis of the data
540 with a reduced. diversity gradient suggests that our resalts robust in this regard (Fig.
541 S2.3).Whilst a major strength of thetudywas the high level of data coveragleis degree
542 of sampling intensity comes at a cost in terms of replicat®@milar inventorybased
543 observationbstudies often include thousands of plots but six or less ecosystem functions
544 (e.g. Gamfeldet al. 2013; RuizBenito et al. 2017).Finally, the magnitude of the patterns
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that we detected only reflects environmental conditions in Eutager scale studies are

neededo determine whether these same patterns hold true across wider climatic gradients.

Conclusions

Our study~detectedstrong context dependency of biodiverstgosystem functioning
relationships in forestsacross a broad range of functioriBhe importance fo water
availability and growing season length in modulatspgcies richness effedsscritical in the
context ofyclimate changd@emperaturariven increases in evapotranspiration are predicted
to aggravateegional drought stress the future(Jacobet al. 2014)andplant phenology has
already started/shifting in response to global chg@jelandet al. 2007). Taken together
these changes mayave profoundeffects on the potential of mixed forests to support
multiple functions in the futureOur findingssuggest that agater limitation increases under
climate change, biodiversity may become even more important to support high levels of
functioning_in_European forests. Howevevjdence that mixed forests which am&eady
underwater stress will have a greater resistatwhigher levels ofvater stresss equivocal
(Forresteret.al/2016). The insights presented hereacrossa broad range oécosystem
functions and,environmental contexaére of fundamental relevanae providing the basis
for unravellingthe mechanisms behind the environmental controls of biodiversity
ecosystem_functioning relationships and their application to the managemenkesf mi

forests
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TABLES

Table 1. Overview of the 26 ecosystem functions (EFs) and ttlessification For full

details on their measurement see Supplementary Material S1. Number of measurements
indicatesthesnumber of plots in whieach function was measuredgximum of 209 plofs

Twelve functions were measured in all plots atiof the functions wereneasured irat

least 207 ‘plotsPairwise Pearson correlation coefficients between the EFs are given in Fig.

S1.2 of the Supplementary Material.

Ecosystem function Description Number of

measurements

Nutrient and_carbon cycling drivers
Earthwormbiomass Biomass of all earthworms (g 209
Fine woody. debris Snags and standing dead trees shorter than 17 208
m and thinner than 5 cm DBH, and all stumps

and other dead wood pieces lying on the forest

floor.

Microbial biomass Mineral soil (85 cmlayer) microbial biomass 206
carbon

Soil carbon'stock Total soil carbon stock (Mg Hin forest floor 209

and 010 cm mineral soil layer combined
Nutrient cyclingsprocesses

Litterrdecomposition Decomposition of leaf litter using the litterbag 204
methodology (% daily rate)

Nitrogen resorption efficiency  Difference in N content between green and 202
senescent leaves divided by N content of green
leaves (%)

Soil C/N ratio Soil C/N ration in forest floor and-00 cm 209
mineral soil layer combined

Wood decomposition Decomposition of flat wooden sticks placed o 209

forest floor (% daily rate)

Production
Fine root biomass Total biomass of living fine roots in forest floo 208
and 010 mineral soil layer combined (gn
Photosynthetiefficiency Chlorophyll fluorescence methodology (ChlIF) 201
Leaf mass Leaf Area Index (LAI) 208
Litter production Annual production of foliar litter dry mass (g) 209
Tree biomass Aboveground biomass of all trees (Mg C*ha 209
Tree productivity Annual aboveground wood production (Mg C 209
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ha' yr)
Understorey biomass Dry weight of all understorey vegetationina 209

quadrant (g)

Regeneration
Sapling growth Growth of saplings up to 1.60 m tall (cm) 209
Tree juvenile regeneration Number of saplingsip to 1.60 m tall 209
Tree/seedling regeneration Number of tree seedlings less than a year old 209
Resistance
Resistance'to drought Difference in carbon isotope composition in 185
wood cores between dry and wet years
Resistanc#o,insect damage Foliage not damaged by insects (%) 208
Resistanceto mammal browsin Twigs not damaged by browsers (%) 207
Resistance'to pathogen damag: Foliage not damaged by pathogens (%) 209
Tree 'growth recovery Ratio between postrought growthand growth 207
during the respective drought period
Tree growth resilience Ratio between growth after and before the 207
drought period
Tree growth resistance Ratio of tree growth during a drought period 207
and growth during the previous five ydagh-
growth period
Tree growth stability Mean annual tree growth divided by standard 207

deviation in annual tree growth between 1992
and 2011

Table 2. Percentage contributions of the context variables to the first three axesRiAhe

of the sensitivity estimategs{.) from all 26 ecosystem functions. The variance explained by
the first three=principal components is given in the footer. The valuesldnface indicate

the strongest.loadings on each axis. AET: actual evapotranspiration; WAt availability
index; GSl==growing season length; Sand: percentage sand in soil; pH: pH of mineral soi
layer; Stones: volume of stones irB0 cm mineral sbéilayer; Myar: mean coefficient of

variation in"soil moistureandFD,o0i functional diversity of the species pool.

PC1 PC2 PC3
AET 12.5 36.89 7.23
WAI 27.26 13.69 2.61
GSL 4.44 2.68 35.67
Sand 2.86 24.46  0.83
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pH 25.70 0.05 5.84

Stones 16.86 0.16 9.76
Mvar 0.11 16.17 20.02
FDpool 10.27 5.90 18.04

PC1: 53.7%; B2:23.3%; PC3 19%; total 96.4%.

FIGURES

Figure 1.7"Variance components showing the proportion of total variation in each EF
explained byseach predictor variablestimates of the variance componefiteans of the
posterior distributions of standard deviation parameters) for each predictor variable were
standardised by, the sum of all the variance components for each ecosystem function (EF).
The mean variance component for each predictor variable across alinEgs)and the
variance ' components of the multifunctionality measuré0% thresholebased
multifunctionality and averaglkased multifunctionalitygre also presente®ee Table Tor

the description of each ecosystem function.

Figure 2. The predicted effect of species richness across all regions (left panel) and in each
region (rightspanel) for each ecosystem function and for multifunctionality (50% thdeshol
based multifunctionality and averafased multifinctionality). The horizontal lines are 95%
credible intervalsDark blue: Finland; light blue: Poland; dark green: Germany; light green:
Romania;forange: Italy; and red: Spain. The predictions are from the base medel (i
equation 1)wherespecies richness effeistthe slope of the relationship between the EF and

the tree species richness. The mean species richness effect across all regions was estimated

from a model without a region x species richness interaction term.

Figure 3. Mean sensvity estimates fsend across all the ecosystem functiggss)for each
context variable. The thick and thin vertical lines indicate 75% and 95% confidence
intervals, respectively. @&ual evapotranspiration; Water availability indexpo@&ing season
length; Sil sand contentpercentage of sand in sa8pil pH: pH of mineral soil layerSoil

stone content: volume of stones ir B0 cm soil layerSoil moisture variability coefficient

of variation in soil moisture; and Functional diversitynctional diversity of the regional

species pdo PositiveSsens values indicate an increasingly positive species richness effect
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with increasing values of the context variable, whilst negative values indneatepposite.
ANOVA test indicated no significant diffences in the sensitivity of species richness effects
to the difference contexecross all 26 EF$-€1.063; p = (889).

Figure 4: The“scores of each ecosystem function (EF) on the first three principal
components to illustrate sensitivity of species richness effects to the main drivers of context
dependency tested in the study. The arrows and associated text indicate amghgreas
positive species richnes&F relationship with increasing values of the context varigible.

pH of the mineral soil layer; WAI: water availability index; AET: actual evapotranspiration;

Sand percentage of sand in soil; and GSL: growing season length.

Figurel.
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