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Abstract

1.

2.

Soil microbes provide multiple ecosystem functions such as nutrient cycling, dedttonpersd
climatesregulation. However, we lack a quantitative understardfittie relative importance of
microbial richness and composition in controlling multifunctigpaT his knowledge gap limits

our capacity to understand the influence of biotic attributes in the provision of searide
functions on which humans depend

We used two independent approaches (i.e. experimental and observational), and applied
statistcalpmodeling to identify the role and relatimmportance of bacterial richness and
composition in driving multifunctionalitfhere defined as seven measures of respiration and
enzyme,activities)In the observational study waeasurd soil microbial commuities and
functions in both treeand bare soHdominated microsites at 22 locations across2@0 km
transect in southeastern Australia.the experimental study we used soils from two of those
locations and developed gradients of bacterial diversilycampogion throughinoculationof
sterilized'soils.

Microbial=richness and the relativebundance of y-Proteobacteria, Actinobacteria and
Bacteroidetes were positively related to multifunctionality both the observational and
experimental approachesiowever, only Bacteroidetes was consistently selected as a key
predictor. of multifunctionaty across all experimental approaches and statistical models used
here Moreover, our results, from two different approachmsyide evidence that microbial
richnesssand composition are both important, yet independent, drivers of mubglestem
functions.

Overall, our findings advance our understanding of the mechanisms underpinning relationships
between microbial diversity and ecosystem functionality in terrestrial ecosystedisirther
suggesthat information on microbial richness and compositioeed to be consideresvhen
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formulating sustainable management and conservation policies, and when predicgfigctise
of global change on ecosystem functions.

Key words: Bacteria, Enzyme activities, BEF relationship, Nutrient cycling, Terrestiaystems

Introduction
The status of Ednis biodiversity is in declingDirzo et al. 2014). The loss of species has global
consequences: because biodiversity promotes ecosystem functions and services that are essential fol
human weHbeing (Hoopeket al. 2005; Cardinalet al. 2012. These services include food production,
nutrient cycling and climate regulation; and have been valued at trillionsSfd0Ollars per year
(Costanzeet al. 1997). The importance of biodiversity for ecosystem functions serdices has been
shown Cardinaleet al. 2011; Tilman et al. 2014), howeverbiodiversity is extremely complex, and
involves differentscomponents including, but not limited to, species richness (naikexa) and
composition (e.widentity of the different organisms comprising a community expressedns of
their relativemabundanc®iaz et al. 2001).Both taxa richness and composition have been reported to
influence onesor several ecosystem functiddiaz et al. 2001; Hoopeet al. 2005; Flynnet al. 2011;
Isbell et al. 2011Allan et al. 2013 Dooley et al. 2015; Lefcheck & Duffy 20)15Variation in
composition €an act in synergy or opposition to effects of richness in natural @fstherandomly
assembled experiments) systerand thus the role of different aspects of diversity (composition,
richness, identity)remasrunclear(Wardleet al. 1999; Lep=t al. 2001; 2004). Moreovethe relative
importance of these two biodiversity metrié@sr increagng the provision of several ecosystem
processesimultaneously (multifunctionality) remains largely unexplofistbell et al. 2011;Byrneset
al. 2014a,b; Doolet al. 2015). Bth species richness and composition are likely to chavagkedly
under future climatic scenarios or more intense land Ugdaz et al. 2001; Hooperet al. 2005.
Therefore, it_isscritical that we quantithe relative importance of these biodiversity components for
multifunctionality.so that we carormulae appropriatemanagement and conservation policies and
predictthe likely changes in ecosystem functioning under changing environments.

Unlike plants or animalsHooperet al. 2005; Lefchecket al. 2019, we haveonly a limited
understanding of the relationships between microbial diversity and compositidng@system
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functioning, particularly in terrestrial environmenBafdgett &van der Putten 20)4Microbes are
considered by far the most abundant and divéfseforms on Earth(Singh et al. 2009, and play
essential roles in maintaining multiple ecosystem functiaokiding litter decompositionprimary
production,sail fertility and gaseaiemissiongHe et al. 2009; Petert al. 2011; Jing et al. 2015;
Delgado-Baquerizaet al. 2016). Global environmental drivers such #&nd use change, nitrogen
enrichment and _glate change are impacting upon bstil microbial diversity and compositiomall

et al. 2010;"Ganset' al. 2005; Maestreet al. 2019. In order to evaluate the global consequences of
shifting microbial“diversity on multifunctionalityif is critical thatwe account for thendependent
effects of species richness and composition on multiple ecosystems fun&immsir{g & Leibold
2002; Hoopeket al=2005.

A growingrbody of experimental and observational studigggestshat microbial diversity
promotesemsystem multifunctionalityn terrestrialand aquati@cosystems (He et al. 2009; Peter et al.
2011; Jinget al. 2015; DelgadeBaquerizoet al. 2016) For example, Peter et al. (2011) provided
experimental “‘evidence for a link between microlsiahnessand ecosystem multifunctionality in
bacterial aquatiebiofilms. Moreover, using field surveys, He et al. (2008pg et al. (2015) and
Delgado-Baquerizet al. (2016 found strong positive relationships between microaiphadiversity
and multifunetionaly from local to global scalesMuch less is knownhowever,of the role of
microbial camposition in driving multifunctionality. Recently, whole genome seqogitiivedi et al.
2013 has provided evidence that dominant bacterial groups such as Actinobactdaaapty
Proteobacteria classes (e.g. y-Proteobacteria) can potentially play different roles in supporting critical
ecosystem proecesses such as decomposition and nutrient cycling. However, despite these findings, we
still lack empirical evidence fromeither observational omanipulative studies of the roles of these
microbial taxa in supportingultifunctionality in terrestrial ecosystem®nly recently, studies based
on plant communities have started explicitly considering the simultaneouss effetibth plant
composition and.diversity in driving multifunctionality (Isbell et al. 2011; Dooley. &H.5; Lefcheck
& Duffy 2015) Converselyto the best of our knowledge, no study has statisticalgluatedthe
relative importance of soil microbial rinkess and composition (i.e. relative abundance of main phyla
and classes) Areontrolling multifunctionalifssessing the relative importancenoicrobial diversity
and composition in driving multifunctionality is critical to include microb@mmunities and
processes in ecosystem and earth system simulation models, and to consider their status when making

policy or management decisions.
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Herein, we combined a regional field survey and a microcosm experiment manipuating t
diversity of bacteria in two sisi to identify the role and relative importance of microbial richness and
composition inpredictingmultifunctionality. We hypothesized that microbial richness and composition
arebothimportant, but operate independently, as drivers of terrestrial multifunctionality. Our rationale
is that microbial richness and composition represent two different mechanisms controlling
multifunctionality._First, for microbial interaction(complementarity effects; Loreau & Hectd001)
theoretical frameworkéSchimelet al. 2005 predict thattcomplex processes such as chitin degradation
(Beier & Bertilssor2013, requirea largeand diversagroup of microbesSecondregardingmicrobial
identity: whole genome sequencing information indicates that differemobial groupsan potentially
play idiosyncratiesroles in ecosystem processes such as organic matter decomposition and nutrient
cycling, which'may potentially affect the rates in which these processes ragepbeducedKloudaset
al. 2012 Trivediet al. 2013.

Material and Methods

Sudy sites andssoil=sampling.

We used two independent but complementary approaches to evaluate the role aedimgatiance

of microbial*richness and composition in supporting multifunctionality: an observastumdy that
utilized a bread regional soil survey (Fielsurvey, and an experimental microcosm approach
(Microcosm study).Note it is not our intention to directly comparesults between experimental
approachesRathey our goal is to address our research question by using two very different, but
complementaryapproacheseikperimentabnd observational studies) and thus providéeher rigorous
scientific supperit“to our findingsMe define microbial richness as the number of taxa (microbial
phyla/classes) and microbial coogition as the identity of the different microbial taxa comprising the
soil community {n,an environmental soil sample or microcosm), expressed in terms of relative
abundance.

Rationale of the use of observational and experimental approaches to identify the role of microbial

richness and composition in controlling multifunctionality.

Observational“data (e.g. changes along a beosattonmentabradient) provide useful information on
how bacterial diversity and composition relate to multifunctionalityearideal world” scenarios.
However, because of the observational nature of this approach, results are correlative and potentially
non-causative. Conversely, using an experimental, laborbtsgd microcosmwith cultures provides a
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154  unique opportunity to nmpulate both bacterial richness and composition, generating multiple
155 combinations of these two biotic features. The use of cultures alone, however, is usually considered
156  unrealistic because the majority of bacterial taxa are unculturable and there fiargtiesf in

157 assembling bacterial communitids novo (Hooperet al. 2005; Bellet al. 2005). Culturing is useful

158  however for comparing the results with other ecological studies (Loreau & Hx&@drHooperet al.

159  2005). Using both/observational and microcosm experimental studies gives us a unique opportunit
160 separate the differential effects of taxa richness and composition on multiple ecosystem functions.
161  Field survey (observational approach).

162  Our observational 'study was carried out in 22 sites feastern Australiacross a gradient of about
163 1200 km(Fig. SlTable S1). Locations were intentionally chosen to represedeaavige of climatic

164 and soil property”conditions. Mean annual precipitation ranged from 280 mm to 1167 mm and
165 temperature from2:8° C to ¥.5°C. Soil organic carbasoil carbon and pH ranged from 0.8 to 12.3%
166  and from 4.8 to 9.0, respectively (Table S1). Soil sampling was carried out in MarctAR@adh site,

167  threesoil cores (05 cm depth) were collected from two micrositesder treesEucalyptus spp.) andn

168 open pare soif=deminatedsites.Soil cores were then mixed to obtain a composite sample for each
169  microsite at eachssite. A total of 4dilssamples (22 sites x 2 mi@ites) wereanalysed in this study

170  Following field,sampling, the soil was sieved (<2 mm mesh). A portion of thevasiimmediately

171 frozen at-2PE€*for characterizing bacterial abundance, composition and divers$igy other fraction

172 was airdried and stored before functional analysEsis storage gwoach is well established and
173 commonly used when analyzing soil variables such as those evaluageihHargescale surveys

174  (Maestreet al. 2022, Tedersocet al. 2014).

175 Soil DNA=was extracted from 0.25 g of defrosted soil samples using the Powerso#® DN
176  Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA). We quantified the abuedairiotal bacteria

177  in all soil samples (Field and Microcosm studiesing 96well plates on a CFX96 Touch™ ReEme

178  PCR Detection System (Foster city, California, USgcterialL6STRNA gene was amplified with the
179 Eub 338Eub 518(Lane 199] primer set as described in Maes#teal. (2015). We characterized

180  bacterial diversity and composition in the soil surface (top 5 cm) along ouwvatiseal gradient by

181  using the lllumina Miseq profiling of ribosomal genes (lllumina Inc.) and the 341F/88&fRefnann

182  etal. 201]) primer set (see details in Appendix S1).

183  Microcosm study (Experimental approach).
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In parallel with the sampling protocol described above, we ¢ellez greater mass of soil kgfj from

two sites of contrasting aridity and tosil carbon (Soils A and B; Fig. SIMO72-TREE and Site -1
TREE inTable S1). Soil A had a lower soil carbtiranSoil B (3.03% vs. 8.45%). In additioisoil A

had a higher pH thaBoil B (6.36 vs. 5.63; Table S1). In both cases, soil samples were collected from
under tree canepies. Following field sampling, the soil was sievednf® mesh), one part stored
immediately at 4°C (noeaterile soil used for the microbial indams), andthe other sterilizedising
gamma radiation (3(@Gy; Appendix S].

The richness treatment consisted of one, two, four and six bacterial taxa perosmtréor
each of these richness levels, we prepared all the possible equally distributed taxa combatiains
of 37 (6+15+15+%, combinations corresponding to richness levels one, two, four and six)ni®atme
were prepared per soil. We duplicated the level “six” of diversity to improve the balance of this
treatment and to ensure the success of thisritapt level of diversity§+15+15+2). In addition, and to
reduce the correlation between diversity and composition in our experiment|swveprapared
additional microcosms with diversity ‘two’ but with 75/25% and 25/75% of bacterial congpot
reduce correlation between taxa richness and composition. This is a critical point, as most previous
biodiversity research has not adequately separated composition effects from richness effects due to
experimentalsdesign constraintduston 1997; Allison 1999;Hooperet al. 2005. This provided 30
new treatments per soil (Table S2). A total of 67+1 combinations were used in this study @eompl
list of combinations is shown in Table S2). To ensure the success of our inoculaablishext three
microcosms for each combination (68 x 3), resulting in a total of 204 microcosrssilp@oils A and
B).

Bacterialwstrains from six terrestrial dominant phylogenetic taxa belonged tanphyl
Actinobacteria, Firmicutes, Bacteroidetes, and Proteobacteria classes a-Proteobacteria, [-
Proteobacteria, and y-Proteobacteria (FigS2), were isolated across bd@bils Aand B(Appendix S1
for isolation details,and rationale of the selection of these phyla/classes

Sterile soil samples (10 g) were placed in hermetic containers. Soil samples were inoculated to
achieve a totalamount of 6ells per microcosnThus, thefinal cell densities in all microcosms were
the same, thatuis; the diaxa assemblage had the same number of cells (1/6 of each strain) as those in
the single taxon assemblage. These microcosms were positioned in a laminar flow cabinet to avoid
contaminationMicrocosms were incubated in the darkness at 50% soil water content (SWC) and 25°C

for 8 weeks under sterile conditions. Soils were opened to the air every 5 days in aflaminabinet
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to prevent the samples becoming anaerobic. After incubatiposteon of the soil was immediately
frozen at-20 °C, and the abundance of different bacterial taxa determined using quantitéive PC
(qPCR). This step is critical as it provided us with information on the degree ¢b Wig original
microbial combinatios were maintained in our microcosms. The other fraction was used to assess
multiple ecosystems functions as described be&mil. DNA extraction and bacteridléSrRNA gene
quantification were done as explained above (i.e., Field survey).

To check'whether the original composition assigned to the different microcosmsaintgined
by the end of‘the"experiment and take into account changes in baaitenalancen our microcosms,
we guantified the abundance of each of Adglthcteria, Bacteroidetes and a-, B- and y-Proteobacteria
and Fimicutessusing qPCR (Appendix S1). Both original assigned (when microcosm®mstraated)
and corrected (after’qPCR analyses) relative abundances of bacteria were highly related (Spearman p
>0.935;P<0.001 inall cases) so we used the corrected values in further analyses.

Rationale for the selection of high bacterial taxonomic ranks: phyla/classes.

Our decisionto_use high bacterial taxonomic ranks to explore the role of microbial richndss a
composition ipreontrolling multifunctionality (i.e. Microcosm study) is based on theée r@asons(1)

the main phyla/classes are globally distributed and common across samples (e.g. ®amif&A 2);

(2) The use“of high bacterial taxonomic rarfghyla and classes) sideen highly recommended to
predict patterns in ecosystem functioning (Philippoal. 2010; Trivediet al. 2013); @) functional
information has become increasingly available at this taxonomic level (Eiele2007; Bastiaret al.

2009; Trivediet al. 2013). This is critical, as understanding how changes in taxa richness and
composition influence ecosystem functions requires an understanding of the fundiemaateristics

of the taxa invelved (Hoopet al. 2005).

Rationale for the selected phyla/classes.

We selectedActinobacteria, Bacteroidetes, Firmicutes and o-,3- andy-Proteobacteria for three main
reasons:(1) All_of these bacterial taxa are globally distributed and dominant in many terrestrial
ecosystems worldwide (Fer et al. 2009; Maestreet al. 2005); 2) the selectethxa are all easy to
culture under_laboratory conditions (deecrobial isolation below); and 3) quantitative PCR (qPCR)
specific primer'sets are available for all these bacterial taxa (i.e.ise@dém study below).

Measurement of individual ecosystem functions.

In all soil samples, we measursgien variables (hereafter functions): activity of f-glucosidaséstarch

degradation) cellobiosidase(cellulose degradation)N-Acetylglucosaminidaséchitin degradation)
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phosphataséhosphorus mineralization), basal respiration and glucose and lignin inducedti@spi
Extracellular soil enzyme activitie§3-glucosidase, cellobiosidas@y-Acetylglucosaminidaseand
phosphatasevere measured from 1g of soil by fluorometry as described in éeall. (2013).In
addition, we used the Microresp® approach from Cammell. (2003) to measurbasal respiration
and glucose and.lignimduced respiration. For the Field studgjl samples were pfiacubated at 50%
SWC and 20°C during five daygsior to MicroResp® analyses (Gardralacioset al. 2011). Sample

with (glucoseand-lignin) and without (basal respiration) substrates wesigaied for 6 h and read at
570 nm. Substrate"induced respiration of glucose and lignin are calculategdiagiogsin glucose or
lignin less the basal respiration. Altogethtbe selected soil variables (hereafter functions) constitute a
good proxy ofsnutrient cycling, organic matter decomposition, biological productivity, and buildup of
nutrient pools' Campbellet al. 2003; Schade & Hobbie 2005; Perrevienturaet al. 2009; Jax 2010;
Maestreet al. 2012; Bellet al. 2013; Bradfordet al. 2014; Jinget al. 2015).Extracellular enzymes such

as p-glucosidase, cellobiosidasél-Acetylglucosaminidaseand phosphatasare produced by soil
microbes, and are involved in the processing, stabilization, and destabilizatioh afgaoic matter
and nutrient eyeling in terrestrial ecosyste(Bell et al. 2013) They are also considered a good
indicator of nutrient demand by soil microorganisfBsll et al. 2013).In addition, basal respiration
and glucosesinduced respiration have been used as a proxy of microbial activity in deiljgmkn
degradationprevides a metric of the capacity of a particular microbial community to degra
recalcitrant carbonGampbellet al. 2003).

Assessing multifunctionality.

We used thregseomplementary approaches to evaluate the role of microbiatydaretsiompositiomi
driving multifumetionality: averaging multifunctionalitynultiple-threshold method of Byrneat al.
(20144 and multiple single functions. These multifunctionality indexes were indepénadtained

for the soils in Field and Microcosm studies and &sdhe Sois A and B in the Microcosm study. It is
important to clarify.that our intention is not teerge these two soils included in the Microcosm study
but to ensure_thatour hypotheses are valid after using different experinpmtasches and twsoils

with different seil"propertiesto obtain an averaging multifunctionality index for each sample, we first
normalized (logtransformed when needed) and standardized each of our seven ecosystem functions
using the Zscore transformation as describedMaestreet al. (2012). Following this, the standardized
ecosystem functions were averaged to obtain a multifunctionality ifd=estre et al. 2012).
Averaging multifunctionality is widely used in the multifunctionality literatuand provides a
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277  straightbrward and easto-interpret measure of the ability of different communities to sustain multiple
278  functions simultaneouslyMaestreet al. 2012; Wagget al. 2014; Bradforcet al. 2014;Jinget al. 2015).

279 However, we stress thahe averaging multifunctionality approach explained above also has some
280 limitations. For example, the averaging approach cannot distinguish between (1) twaniihetving

281  similar values_and2) one function having high values compensating for a second function with low
282  values (Byrneget alc 20143. To overcome these limitationsg also estimated multifunctionality using

283  the multiplethreshold method of Byrnest al. (20143, which evaluates the number of functions that
284  simultaneously“exceeds multiple critical thresholds. In brief, this approach calculates the maximum
285 value of each measured function and counts the number of functions that exceesstalpished

286  threshold. For our,analyses, we used predetermined thresByidweget al. 2014a Bradford et al.

287  2014). Here, we seledéehree thresholds (25, 50 and 75%) that cover the whole spectrum. This method
288  provides information about the threshold in which our variable maximizes the effect onnther of

289  functions beyond that threshold. In our case, these thresholds inform about the functemaMdich

290 more functions_are maximized with richness increments and shifts in compositioravéraging

291  multifunctionality=index was highly related to the number of functions at or above 25, 50 and 75%
292 thresholdsof ‘thesmaximum observed function, supporting the appropriateness of our approach
293  (P<0.001; Table _S4). Thus, for simplicity, we conducted the main analyses in this singythes

294  multifunctionality averaging approach.

295  Jatistical analyses.

296  Exploring the relationship between bacterial diversity/composition and multifunctionality.

297 For the Fieldssurvey (nereplicated approach), we first explored the relationship between bacterial
298 richness and composition (o-, B- and y-Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria)
299  with multifunctionality and each single function by fitting linear multiple regjmss. In addition, we

300 conducted partial correlations between bactelighness and composition with multifunctionality
301 accounting for latitude/longitude and total bacterial abundance (QPCR) to takedatmtaany bias

302 derived from_these important factors. Bacterial diversity wasaxnsformed to improve normality
303 before tlese analyses.

304 For the=Microcosm study (replicated approach), we examined the effects ofitgivem

305 multifunctionality by conducting a nested ANOVA, with diversity as a fixed factor amtetal

306 combination (Table S1) as a random factor nested within diversity (Quinn & Keough 20©2).
307 repeated these analyses using bacterial abundance as a covariate (ANCOVA) to account for any bias
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308 derived from a potential shift of bacterial yield in our microcosms. We thed &pearman’s

309 correlations to explore the rélanship between the relative abundance of the main bacterial
310 phyla/classes with single functions, averaging multifunctionality and with the numheratibns at or

311  above25, 50 and 75% threshold$ the maximum observed functioRinally, we evaluateche effects

312  of each bacterial, phyla/classes identity in supporting multifunctionalitipoth mone and mixed

313 cultures (i.e. presence or absence of each taxon across all microcosms) by conducting ANOVA
314 analyses.

315

316  Distance-based multimodel inference

317 To identify the relative importance of richness and composition of bagteri-, y-Proteobacteria,

318  ActinobacteriayBacteroidetes and Fimicutas)drivers of multifunctionality, wesed a multmodel

319 inference approach based on information theoryreordparametricdistancebased linear regressions
320 (DISTLM; McArdle and Andersem 200). We did these analyses usitige PERMANOVA+ for

321 PRIMER statistical package (PRIMHER Ltd., Plymounth Marine Laboratory, UKThe Euclidean

322 distance wasused as the measure of multifunctionality dissimilarity between pairs of sBagikrsal

323 richness represemthe number of inoculated phylotypes in the case of our Microcosm study, and the
324 number of OTlUs (species) of all bacteria in the case of our Field survey. Midiecosm study, the

325 composition.ef‘bacteria represethe relative abundanced the six inoculated taxa. In the case of the
326  Field survey we used two approaches to represent the composition of baciedang (1) relative

327 abundance othe six selected taxa (those our experimental approach) accounting for-28%

328 (average 53%)"ofithe relative abundance of all bact€has ouraim wasto directly compare results

329 from our field“and experimental approaches; and (2) a representation of the composh®remtire

330 community of bacteria (100% of specigsjsing the axes from a NME). To obtain a metric of

331 community compaosition at the lowest taxonomic ramke useda nonrmetric multidimensional

332 ordination (NMDS).on the matrix of bacterial composition at the OTU level (i.eiespkevel). Given a

333 low stress in these analys@k05),the axes of a NMDS are considered a good representation of the
334 variation in thes€omposition of entire bacterial communiti@sross samples. We kept the three
335 dimensional NMBS solution for further analyses. We conducted NMDS ordinations wigatkage

336 Vegan from R (Oksaned al. 2015) using the Bragurtis distance. Including a representation of the

337 entire community composition of bacteria in our models is needed to clarify theer@taportance of
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338 bacterial composition and diversity in driving lifu nctionality in the Field survey (i.e., real world)
339  where multiple bacterial species-erist together.

340 In addition to these analyses, foeField surveywe repeated our model including richness and
341  composition of bacteria, spatial variables (latitudd bymgitude) and soil propertiesqjl carbonand

342 pH). Finally, for.the Field survey, we also repeated our analyses including spdtiahaaf, soil
343  properties, bacterial richness, and composition at the OTU level (using the axes from a iINS#EXS)
344  of only including“selected microbial taxa in this stugy, B-, y-Proteobacteria, Actinobacteria,
345 Bacteroidetes'and Fimicutes).

346 We ranked all the models that could be generated with our independent variablekng to
347 the seconabrder Akaike information criterion (Mc). Here, we consider a AAICc > 2 thre$old to
348 differentiate between two substantially different models and then select thefbdémse models
349  (Burnham andAnderson 2002; Burnhawt al. 2011). Then, we compared the AlCc of the best model
350 including both taxa richness and composition to thahefcorresponding model with only compasi

351 or richness. Differences 2 in AICc between alternative models indicate that they are approximately
352  equivalent ingexplanatory poweBirnhamand Anderson 200R Finally, we calculated theelative
353 importanceof bacterial richness and composition (relative abundance of six selected taxa) as predictors
354  of multifunctionality as the sum of the Akaike weights of all models that includegrtdictor of
355 interest, taking“into account the number of models in which each predictor appeansa(Buand
356  Anderson, 2002; Maestr al. 2012).1t is important to note that, in general, our analysese not
357 influenced by.high collinearity between richness and composition, as only weak relasongne
358 found between'bacterial richness and composition for both Field and Microcosm stabiesS3d).

359  Partial correlation

360 We conducted partial correlation analyses to thoroughly check whether the rbiptibesween
361 bacterial richness .or composition was still maintained after controlling for the rest of microbial
362  attributed selected.in the best model.

363 Random Forest

364 To further clarify the relative importance dfacterial richness and composition in predicting
365 multifunctionality,,we conducted a classification Random Forest ana{igssman 2001), as done in
366 DelgadoBaquerizo et al. (2035 Random Forest analysis for the field study includsredictors:
367 bacterial richness, composition and total abundance, as watitade, longitude, soil carbon and pH
368 Random Forest analysdor the experimental soils A and B includs predictorsbacterial richness,
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composition and total abundance. This technique is a novel mdehimeng algorithm that extends
standard classification and regression tree (CART) methods by creating aiaoltgctlassification

trees with binary divisions. Unlike traditional CART analyses, the fit ohdese is assessed using
randomly selected_cases (1/3 of the data), which are withheld during its ctost(octof-bag or

OOB cases). The importance adch predictor variable is determined by evaluating the decrease in
prediction accuracy (i.e. increase in the mean square error between observations and OOB predictions)
when the data“for'that predictor is randomly permuted. This decrease igeavenger h trees to

produce the final'measure of importanthese analyses were conducted using the rfPermute package

(Archer et al.i2016) of the R statistical software (http://craroject.org/).

Results

Field survey

Our distancebased multmodeling approeh indicated that bacterial richness and compositielative
abundance of\ [B-Proteobacteria, y-Proteobacteria, Bacteroidetes and Actinobactempapvided
independent and=complementary information to predict multifunction@dple 1) The besfitting
model accounted-for over 60% of the variation in rfwtictionality, and always included both bacterial
richness and=composition as predictor variables (Table 1). Model fit decline@drdiddy when we
removed eijtherbacterial richness or composition as a predictor variable (TABIECE >2 thresholg,
suggesting that both microbial components mn@ortant predictors oécosystem multifunctionality.
Specifically the same models with composition but without bacterial richinagda significantly but
modestlyhigherAlCc than the best models including tackehness and compositiqp AICc of +2.23).
Models including=only bacterial richnebad a markedlyhigher AAICc (+2311) than the besfitting
model (Table 1)We then calculated the relative importance of all microbial attributes in predicting
multifunctionality using weighted iofmation from all models. Bacterial richness wasfthath most
important predictor of multifunctionality after the relative abundance of Actinobacteria,
Gammaprotepobacteria and Bacteroidetes (Fig.

Our resultsremainedunchanged even when waditionally included spatial (latitude and
longitude) and*seil propertiesdil carbonand pH; Table S5)Most importantly our main result, that
bacterial richness and composition perform independently to drive multifunctyonedis maintained
after includingin our model spatial influence, soil properties, bacterial richnass bacterial
composition at the OTU levéthree axes of aon-metric multidimensional scalingnalysis NMDS])
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400 (Table S6) Note thatthe 3D solution of this NMDS had a very low stress (0.05) indicating that the
401 three axes of our NMDS were a good representation of the entire soil bacterial communitifigidour
402  survey.Random Forest analyses provided further evidence that bacterial richness and composition were
403  significant predictors ofultifunctionality after accounting for multiple multifunctionality drivers. Soll
404 C and pH weresthe major predictors of multifunctionality followed by microbial coriposand

405  richness (Fig.'S3).

406 Bacterial'richness was positively related to multifunwdidy (Fig. 2a) a result which remains
407  consistent aftecontrolling for latitude and longitud@able S7), total bacteriaabundanceTable S8)

408 andthe relative abundance of selected taxa in the best model (Tabl@H&8g results weralso

409 maintained men e explorg the relationship between bacterial richness thednumber of functions
410 at or above 25{50 and 75% threshadishe maximum observed functigmable S10. Moreover, we

411 found positive effects dbacterial richness osomeindividual functilms (enzyme activities and carbon
412  degradation assaySables 2 andS11). For example, we found positiveorrelations (Spearman)
413  between bacterial richness and B-glucosidase R=0.01), NAcetylglucosaminidas€P=0.08) and SIR
414  Glucose P<0.01)=(Tables 2 an®1]). Similar resultswere obtained when we evaluated the linear
415 relationshig ameng bacterial richness and single functions, with cellobiosidase, but not N
416  Acetylglucosaminidase, being positively related to bacterial richness in these analysgd) (Fig.

417 Together, the selected bacteriphyla/classesActinobacteria, Bacteroidetes, a-, B-, -

418 Proteobacteria and Fimicutes accounted 2874% (average 53%) of the relative abundance of
419  bacteria fromall siteS'he relative abundance of Actinobacteria, Bacteroidetes, B-Proteobacteria and vy-

420 Protobacteriawereypositively related to multifunctionality (Table 3Regarding single functiong;

421  Proteobacteriaswas strongly related to phosphatase activity and basaliosspiables 2 andS11).

422  Conversely Bacteroidetesp-Proteobacteria and y-Proteobacteriavere positively related tanost soll

423  functions in ourield survey

424  Microcosm study.(Experimental approach)

425  Supporting the_results from our Field surveyr distancebased multmodeling approacindicated

426  that bacterial richness and composition (relative abundance of Bacteroidetes and Actindba&eilia
427 A and y-Proteobacteria foBoi B) provided independent and complementary information to predict
428  multifunctionality (Table 1). The beitting models accounted faignificant but modes{8% for soil

429  A) andsubstantial43% forSoil B) percentagesf the variation in multifunctionaltfor the two sils;

430 and always included both bacterial richness and composition as predictor variables (TAlde, 1).
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similar to the results found for our Field surveypdual fit declined substantially when we removed
either bacterial richness or compas as a predictor variable (Table 1; AAICc > 2 threshold),
providing evidencethat both microbial components are important predictors of ecosystem
multifunctionality. Specifically the same models with composition but without bacterial richness had a
higher AICc than.the best models including taxa richaesiscompositiorior Soil A (+26.69)and Soil

B (+12.84. Similarly, models including only bacterial richness had a higher AAICc for Soil A (+67.39

and Soil B(+3:10. Mean values for multifunctionajitin each of the 68 experimental microbial
combinationsforsoils A and B are available in B§.

Although models including both bacterial richness and composition always improved
multifunctionalityspredictions (vs. those models lacking one of these compomehts;1), our results
for the Microcesm study also suggested that the relative importance of bacterial ricomgssed
with composition is soitlependent. Thus, richness was more important than compositiailiB,
while the opposite pattern was observed $mil A (Table 1).Similar results are found when we
calculated the, relative importance of bacterial richness and composition using weigbtethtioh
from all modelsy(Fig. L Alternatively, our Random Forest model indicated that batt&lmness was
the most important predictor of multifunctionality, but only after the relatibeindance of
Actinobacteria.for soil A and Gammaproteobacteria for soil B (Fig. S3).

Moreover, our Microcosm study provided evidence that the identity of th& nelevant
microbial taxa is also sedependent. Thus, while Bacteroidetes and Actinobacteria were the strongest
predictors forSoil A (Table 1 Fig. 1), y-Proteobacteria was the main predictor of multifunctionality in
Soil B (Table 2°Fig. 1). Intereshgly, observational datliom these two samplegere consistent with
what we observed in our Microcosm study. Thus, the models based on the Field sunasdinice
main bacterial taxa in both soils from the Microcosm study and included B-Proteobacteriay-
Proteobacteria, Bacteroidetes and Actinobacteria in the best models (Table 1).

We found. the highest multifunctionality in the soil microcosms with the highesertzct
richness in bottSoils A and B(Figs. D and c;P < 0.01). These results remained consistent after
statistically controlling for total bacterial abundance (Tal88 and S12Fig. S6). In addition, the
positive effect"af,bacterial richness on multifunctionality was maintained after we removed key taxa
from the analyses, demonstrating thas effect was not just due t@y taxa (sampling effec{Fig.

S7). These results were also maintained when we explored the relationship between bacterial richness
andthe number of functions at or above 25, 50 and 75% thresbbtle maximum observednction
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(Table S10 and also after controlling for the relative abundance of selected taxa in the best model
(Table S9) For single functions, &cterial richness was positively related\téAcetylglucosaminidase

and phosphatase activities in both soitenf aur Microcosm study and to B-glucosidase and
cellobiosidase activities iBoil A (P < 0.05; Tables 2 anfilland FigsS8andS9).

In the Mierocosm study, bacterial composition effects on multifunctionalite weil dependent
(see Fig. $0for original bacterial composition in “soils A and B’with a positive correlation between
multifunctionality™"and Actinobacteria and Bacteroidetes and a negative correlation pwith
Proteobacteria‘in“soil A (Table 3), while in Soitligere was a positive correlation otiiifunctionality
andy-Proteobacteria. Similar resultgere found when we explored the relationship between bacterial
composition andsthe number of functions at or above 25, 50 and 75% threshdtthds maximum
observed function”(Tabl&10. Consistent wh these findings, the highest multifunctionality in the
diverse communities and the monocultures (i.e. bacterial taxa identity effects based on
presence/absence analyses) was found for Actinobacteria and Bacteroidetsl iA and
Proteobacteria classasSoil B (Fig. 3 P< 0.01).

Moreoyerthe effects of bactetimompositionon individual functions were also soil dependent
(Tables 2and S13)«For example, y-Proteobacteria, which was strongly related to phosphatase activity
and basal respiration in Field survey (Tables 2 &fd), had a predominant positive effect on soil
functions fromSoil B including N-Acetylglucosaminidaséasal respirativand SIR glucose and lignin
(Tables 2 and11). ConverselyActinobacteria and Bacteroidetes, which were positively related to a
wide array of functions in the Field survey, showed predominantly positive effects diorigsna Soll
A including B-glucesidise, cellobiosidase amdtAcetylglucosaminidasebut also phosphatase and SIR

Lignin in particular case of the isolated bacteria from the phylum Actinolm¢lables 2 an&11).

Discussion

Despite thegrowing, body of literature providing evidence thaitrobial diversity promotes ecosystem
functioning in terrestrial ecosystems (Jieigal. 2015; DelgadeBaquerizoet al. 2016) most studies

have tended tesfocus on a particular component of diversity (richness or comppoaittbnp previous
study, to the best,of our knowledge, has empirically and statisteedininedthe relative importance

of both bacterial richness and composition in supporting multiple functions in tetrestwsystems.
Using observational and experimental data, we provide ewedé#mat both bacterial richness and
composition are key drivers of multiple ecosystems functions in terrestrial ecosystems. Most
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importantly,our multrmodel approach indicates that these two microbial diversity components provide
independent and complementary information on the role of bacteeaosystem processebhese
results provide strong support for the hypothesis that the effects of bacteriaktsibg on ecosystem
functioning are duge to theombinedeffects of bacterial richness and identitiy key taxa within a
community. Oursiis, to our knowledgethe first attemptto evaluate the relative importance of both
diversity and ‘composition of bacteride most diverse and abundant orgasism Earth in driving
multifunctionality."However, future studies exploring the relative importasfomicrobial drivers of
multifunctionality“should be encouraged to include diversity and composition of fangptain a
broader picture of the role of microbial diversity and composition in driving funodtiiondity .

Both ourfield survey andmicrocosmstudyprovide evidencehat bacteriatichnesss strongly
positively related<to multifunctionality. Our results were maintained after controlling for spatial
structure (in obsetvational data) and microbial abundance using partial ttomseland ANCOVA
analyses and _provided experimental support to previous observatienalies showing positive
relationships between soil microbial diversity and multiple soil functions, such as those usf@dehere
et al. 2009; Jingretral. 2015; DelgadeBaquerizoet al. 2016). The mechanisms behind the positive
effects of bacterial richnesm multifunctionality could include an increase in the interactiamong
microbial taxa(complementarity effectd;oreau & Hector200]) and theso-called “sampling effect”

(i.e. increasing taxa richness increases the likelihood that key taxa would be presgeret al.

2005). Species interactions are especially important for microbial communities that rely heavily on
aggregated processedcfimel et al. 2005 such as organic matter decomposition as an energy source
These aggregated, processes involve many metabolic routes and require theicoopfelatge and
diverse groupss=ef‘microbes to break down complex and recalcitrant polymersriptersmore labile
monomers, which are rapidly consumed and largely respBehirfelet al. 20095. Thus, losses in
bacterial richness may inactivate critical functions (elgtin degradation), but also can reduce the
rates in which multiple ecosystemsttions are being produced, as supported by our observational and
experimental _data. Bacterial richness also showed similar positive trends with each of the single
functions studied: Qparticularinterest was the fact that bacterial richness showedagsand positive
effect onN-Acetylglucosaminidaséchitinase) in all the experimental approaches used here. Chitin is
an extremely complex compound astructural component of many amgjsms and is widespread in
nature Beier & Bertilsson2013. Bactera are believed to be major mediators of chitin degradation, a

complex process that involves several metabolic reactions with important implications for carbon and
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nitrogen cycling Beier & Bertilsson2013. This result further supports the notion tlwatmplex
processes such asganic matter decompositi@iefavored by the existence of a diverse collection of
microbes all contributing to the overall process to promote the highest degradtggB8chimelet al.
2005. Our Microcosm studyalsoshowed thaa “samplingeffect’ may be, at least in part, responsible
for driving multifunctionality, as microcosms includiragrtainkey taxa tended to have theegtest
multifunctionality_Interestingly, bacterial richness had a positive effect on multifunctipresden after
the effects'of'key species were accouritedremoving them) in our analyses (Fig; 3ppendix S).
Consistent with“the results reported by Hoogeal. (2005 for plant communities, we suggest that
microbial taxa interaction and sampliaffects are not mutually exclusive.

Bacterial .,cemposition was also a strong predictor of multifunctionality in Bathd and
Microcosm studies. Heever, unlike bacteriakichnes, the effects of bacterial composition on
multifunctionality varied with bdt soil properties and ecological characteristics of the specific bacterial
taxa, especially under the Microcosm study. For example, ®oil B (high soil carbon, y-
Proteobacteria \enhanced multifunctionality in both single and mixed cultures. Similarly, y-
Proteobacteriagpwhich was positively related sl carbon(Table S13), also showed a positive
relationship withemultifunctionality across tHeeld survey Class y-Proteobacterigend to exhibit
copiotrophictlife_historiegFiereret al. 2007; Trivediet al. 2013),preferringenvironments that are rich
in carbon, premoting the greatest multifunctionality and supporting critical pesasich as complex
and labile carbon decomposition. Thus, this Proteobacteria class may be cribcasupporting
multifunctionality in carbonrich soils. Conversely, foBoil A (lowestsoil carbon) in the Microcosm
study, we found“anpredominant effect of Actinobacteria in supporting multifuniityoatinobacteria
are defined asseligotrophB4stianet al. 2009; Trivediet al. 2013, and are more competitive in soils
with low levels of carborsuch as those from drylands (Maesdral. 2015) In Soil A, Actinobacteria
was also strongly positively related to extracellular enzyme activity and legggradation content. Our
findings are supported by the results of previous studies suggesting that Acénalgacttainsa broad
array of genes_that allow the breakdown and utilization of recalcitrgainiar compounds such as
lignin, chitin_and"cellulose that can be used urslerssfulsoil conditions (lowcarbon Bastianet al.
2009; Trivedietal;,2013.

Interestingly, only the relative abundance of Bacteroidetes was consistently selected as a major
predictor of multifunctionality in all experimental approaches and staisthodels used here. In
general, the relative abundance of Bacteroidetes, defined as copiotrophic orggnisereret al.
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(2007), promoted high rates of multifunctionality, enzyme activities and/or aéspirrates in all
experimental approaches (Tal@e More specifically, the relative abundance of Bacteroidetes always
promoted the activity of chitin degradation in all soils. These results are ienagnewith a previous
study highlighting their potential to break down chitin and cellulose in tealestosystems (Trivedit

al. 2013); and_further highlight the importance of this taxa in regulating organic matter pesitom

and C cyclingiin sail.

An important finding of our study is thailthough both components of biodiversitgre
importantdrivers‘ofmultiple ecosystermprocesses related to organic matter decomposition and nutrient
cycling, thel relative importance of richnessompared with @mposition in controlling
multifunctionalityis,soil-dependentassupporteddy our Microcosm studySoil A vs. B).In particular,
we found that*richness is more important than compositio8oih B, with the highe soil organic
matter, while the opposite pattern occurredsoil A. Although we cannot extrapolate from only two
soils, if these_results were mgrally true, they would suggesitat bacterialrichness mightplay a
predominant role_in organic soils, where the interaction among multiple microbial communities is
needed to breakedown complex and recalcitrant polymers into simpler and more labile emsonom
(organic matter ‘degradatioigchimel et al. 2005. Conversely,speciesidentity (Bacteroidetes and
Actinobacteria.rsoil A) may play a major role in mineral soilsor instanceActinobacteria have been
shown to possess important adaptations thatlerthbm to resist environmental harshness (ability to
survive desiccation and low nutrient availability conditioBajtistuzzi& Hedges 2000 Thus,these
results support_thenotion thatboth microbial richness and composition are needed to accurately
esimate the consequences of lossemiarobial diversity(from global environmental changes such as
climate changesand land use intensificatiom}ecosystem functioning.

Interestingly, observational data were consistent wittat we observed in ouvlicrocosm
study, providing Insightsinto the main microbial pattern controlling multifunctionality in terrestrial
ecosystemsanddemonstrating the value of using each of these approaches. For example, in both the
field andmicrocosm studies, an increase in taikdness was positively related to multifunctionality.
Of particular_novelty, the Field data provided a comprehensive view of the main dattalllmg
multifunctionality.in Soils A and Band suggedhat Actinobacteria, Bactektites and y-Proteobacteria
arethemain drivers of multifunctionality in terrestrial ecosystems at a large scalef. thikse bacterial
taxa are globally distributed and dominant in many terrestrial ecosystems worl&veicdt al. 2009;
Maestreet al. 2015. This result suggests that observational data can be usefukfticting microbial
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community shifts and their consequences for ecosystem functioning under global, tudradso that
this observational datavill be useful in developing generic algorithms to be included in global
biogeochemical models.

In conclusion, our findings provide strong evidence, from two independent approtuaies,
bacterial richness and composition amgportant yet independent drivers of multiple ecosystem
functions réatedtoorganic matter decomposition andtrient cycling Greatermicrobial richnessnd
globally-dominant“bacterial taxa such as y-Proteobacteria, Actinobacteria and Bacteroidetes were
critical driversofmultifunctionality in both our field andnicrocasm studies.Information onboth
microbial richness' and composition therefore need to be considered when formulatinpisesta
management_ andsconservation policies, and when predicting the effects of global change on ecosystem
functions. Thesefindings advance our understanding of the mechanisms underpinning relationships
between biodiversity and ecosystem functionality in terrestrial ecosysamohgeinforce the need to
develop approaches and policies to protect soil microbial diversity and theiveositects for
multiple ecosystems functions.
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Figure legends

Figure 1. Relative importance of bactel richness and composition in models of multifunctionality for

the field (a) and experimental studiesclb The height of each bar is the sum of the Akaike weights of

all models that included the predictor of interest, taking into account the numiredefs in which

each predictor appears.
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Figure 2. Effects of bacterial richness on multifunctionality for Field (a) and Mimsat (b and c)
studies.Bacterialdiversity in Field surveyis calculated as the number of OTUs (97% similarify; x
transformed). Bcterialdiversity in the Microcosm stug (“soil A and B”) is the number of bacterial
phyla/classes The solid lines in figure a represents the fitted linear regredSmta in Fig b $oil A)
and c Goil B) represent means * SBifferent letters in panels b) and c) indicate significant diffees
between richness.levels{B05) in multifunctionality indexgdost-hoc tests after ongvay ANOVA).
Figure 3. Mean(£SE) values for multifunctionality across different bacterial taxantoro-(a and c)
and mixedcultures(b and ddf bacteriain the experimental approadbifferent letters in panels a) and
c) indicate significant differences multifunctionalityamong bacterial tax&(< 0.05) as tested using
posthoc tests.after oneay ANOVA. Panels b) and d) represent averaging multifunctionality imalex
mixed culturesHincludingpresencedr excluding(ausence) each bacterial phylum/cldsghese panels

significance levelsare as followst P < 0.01, *** P < 0.001.
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1 Table 1. Best-fitting model (including microbial richness and composition) and the same model with
2 either bacterial richness or composition (but not both) included as predictors of multifunctionality for
3 the Field and Microcosm (“soils A and B”) studies. Shaded cells indicate that the variable has been
4 included in the madel. Models are ranked by AlICc. AlICc measures the relative goodness of fit of a
5 given model; the lower its value, the more likely the model to be cokéd¢Cc is the difference
6 between the AlCc of each model and that of the best maééCc indicates substantially different
7 models. A = @-Proteobacteria; B = p-Proteobacteria; C = y-Proteobacteria; D = Firmicutes; E =
8 Bacteroidetes; F="Actinobacteria.
9
| (Field study) Richness y-Proteobacteria + Firmicutes + Bacteroidetes+ Actinobacte 0.599 -53.75 0.00
Excluded y-Proteobacteria + Firmicutes + Bacteroidetes+ Actinobacte 0.551 -51.52 2.23
Richness Excluded 0.134 -30.64 23.11
Il (Soil A) Riehness Bacteroidetes+ Actinobacteria 0.429 -445.74 0.00
Excluded Bacteroidetes+ Actinobacteria 0.344 -41905 26.69
Richness Excluded 0.190 -378.39 67.35
Il (Soil B) Richness y-Proteobacteria 0.084 -276.88 0.00
Excluded y-Proteobacteria 0.014 -264.04 12.84
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1 Table 2. Summary of the effects of microbial composition on the multiple ecosystems functions in this study for the field and
2 microcosm (soils A and B) studies. Microbial composition effects are based on Spearman correlations available in Table S7. Symbols

3+ and - indicate positive and negative interactions.

B-Glucosidase

Cellobiosidase

N-Acetylglucosaminidase

Phosphatase

Basal Respiration
SIR Glucose
SIR Lignin
Microcosm (Soil A) B-Glucosidase

Cellobiosidase

N-Acetylglucosaminidase

Phosphatase

Basal Respiration
SIR Glucose
SIR Lignin

Microcosm (Soil B) B-Glucosidase

Cellobiosidase

N-Acetylglucosaminidase

Phosphatase

Basal Respiration
SIR Glucose
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1 Table 3.Correlations (Spearman) between main bacteria taxa and multifunctionality for field and M

2 microcosm (soils A and B) studies (n = 204). P-values are in brackets.
3

Field 01411 (0.480) 0.570 (<0.001) 0.566 (<0.001) -0.007 (0.963) 0.637 (<0.001) 0.291 (0.058)

Microcosm (Soil A) -we0/036 (0.612)  -0.153(0.029) -0.108 (0.124) -0.080 (0.257) 0.297(<0.001) 0.532(<0.001)

Microcosm (Soil B) ™ =0:003 (0.964) 0074 (0.294)  0.223 (0.001) -0.050 (0.474) 0.021 (0.764) 0.082 (0.244)

4
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