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Abstract 92 

The role of soil biodiversity in regulating multiple ecosystem functions is poorly understood, 93 

limiting our ability to predict how soil biodiversity loss might affect human well-being and 94 

ecosystem sustainability. Combining a global observational study with an experimental 95 

microcosm study, we provide compelling evidence that soil biodiversity (bacteria, fungi, protists, 96 

and invertebrates) is significantly and positively associated with multiple ecosystem functions. 97 

These functions include nutrient cycling, decomposition, plant production, and reduced potential 98 

for pathogenicity and belowground biological warfare. Our findings also reveal the context 99 

dependency of such relationships, and the importance of the connectedness, biodiversity and 100 

nature of the globally-distributed dominant phylotypes within the soil network in maintaining 101 

multiple functions. Moreover, our results suggest that the positive association between plant 102 

diversity and multifunctionality across biomes is indirectly driven via soil biodiversity. Together 103 

our results provide insights into the importance of soil biodiversity for maintaining soil 104 

functionality locally, and across biomes, and strong support for the inclusion of soil biodiversity 105 

in conservation and management programs. 106 
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Introduction  138 

 139 

Belowground organisms comprise a large fraction of global terrestrial diversity, and are 140 

responsible for essential ecosystem functions and services such as plant productivity, nutrient 141 

cycling, organic matter (OM) decomposition, pollutant degradation, and pathogen control1-6, 142 

which are valued at trillions of dollars annually. However, as most soil microorganisms and 143 

micro fauna are difficult to observe directly, they are often neglected in global biodiversity 144 

surveys7. Consequently, the roles played by biodiverse soil organisms (bacteria, fungi, protists, 145 

and invertebrates; multidiversity; sensu8), for multiple kinds of ecosystem functions (ecosystem 146 

multifunctionality), remain largely unresolved. Multifunctionality is an important ecological and 147 

management concept, and provides the basis for a solid statistical approach that allows for the 148 

synthesis of the many diverse functions soil organisms provide2,6,8-10. Although care must be 149 

taken in the development and interpretation of multifunctionality metrics, the approach is widely 150 

seen as important for creating a broad understanding of the linkages between diverse soil 151 

organisms and ecosystem functions.  152 

Although relatively rare, experimental evidence suggests that soil biodiversity enhances 153 

the ability of ecosystems to maintain multifunctionality within controlled microcosm 154 

environments2. Experimental evidence also indicates strong links between plant and soil 155 

biodiversity and function6. Moreover, observational studies within single biomes (e.g., European 156 

temperate grasslands and drylands) and studies dedicated to the study of the biodiversity of a 157 

limited number of soil organism types and biomes9-11 suggest that soil biodiversity is correlated 158 

with the maintenance of numerous ecosystem functions. However, the relationship between the 159 

biodiversity of different groups of soil organisms (e.g., bacteria, fungi, protists, and 160 

invertebrates) and multiple functions has never been assessed under natural conditions at the 161 

global scale across contrasting biomes. Moreover, experimental evidence evaluating how soil 162 

microbial diversity is associated with ecosystem functions is also scarce. Rigorous assessment of 163 

the role of soil biodiversity in regulating multifunctionality is urgently needed to better 164 

understand the potential consequences of soil biodiversity losses for the maintenance of multiple 165 

ecosystem functions and services critical for human well-being and global ecosystem 166 

sustainability.  167 

 It is also likely that different groups of soil organisms play different roles in maintaining 168 

multifunctionality. For instance, larger soil invertebrates (e.g., annelids, tardigrades, arthropods 169 

and flatworms) are responsible for processing large amounts of plant and animal litter and 170 

detritus12-13, and might ultimately determine the amount of fresh resources and the potential 171 

functional rates in the soil food web. Analogous to the productivity of primary producers, the 172 

detrital products of large soil invertebrates help to regulate the functioning of terrestrial 173 

ecosystems. These organisms act as a manufacturing line that processes detritus and infuses the 174 

soil with physically smaller and chemically decomposed resources. We posit that the diversity of 175 

these soil invertebrates might therefore play critical roles in supporting multiple functions (i.e., 176 

rates and availabilities) operating at high levels of functioning (relative to their maximum 177 

observed levels of functioning; sensu14). Conversely, the biodiversity of soil microbes (e.g., 178 

protists, bacteria and fungi) might be fundamental for the maintenance of multiple functions and 179 

energy flow within the soil food web, but are still beholden to the activities of macrobiota. Thus, 180 

we hypothesize that the smallest soil organisms are responsible for bottom up (producers) and 181 

top down (consumers) energy transfer via activating nutrients from the soil, and through 182 

predation, recirculating energy from larger organisms to smaller ones via the microbial loop15-16. 183 



 

 

In other words, these soil organisms recirculate the available resources in soils, ensuring the 184 

functioning of terrestrial ecosystems.  185 

Moreover, soil organisms live within complex soil food webs, forming ecological clusters 186 

of strongly co-occurring phylotypes within ecological networks17-19. These ecological 187 

assemblages share similar environmental and resource ‘preferences’, and are expected to have 188 

important implications for ecosystem functioning20. Some of these assemblages - those including 189 

a greater number of functionally important phylotypes - should also support higher levels of 190 

ecosystem functioning. However, in theory, the biodiversity of other assemblages dominated by 191 

low functional phylotypes (i.e., taxa supporting low functional rates) might be less important for 192 

maintaining ecosystem functioning, ultimately challenging the hypothesis that all biodiversity is 193 

equally important for maintaining ecosystem functions. In addition, the degree of connectivity 194 

(e.g., determined via co-occurrence) among soil phylotypes within these ecological networks 195 

might have consequences for ecosystem functioning. Some phylotypes are highly connected with 196 

multiple phylotypes within and/or across ecological clusters (hub phylotypes), while others are 197 

poorly connected (non-hub phylotypes)21 within ecological networks. In plant communities, 198 

highly connected phylotypes are fundamental for maintaining ecosystem functions and services 199 

(e.g., pollination)22-23. Similarly, locations with a higher number of soil taxa classified as ‘hub’ 200 

phylotypes21 could, in theory, support greater levels of multifunctionality by facilitating the 201 

interconnection of multiple ecosystem processes (e.g., metabolic pathways). Evidence of the 202 

importance of diversity of soil taxa classified as hubs and within ecological clusters in regulating 203 

multifunctionality across the globe is, to our knowledge, non-existent yet could lend insights into 204 

how community structure determines function, and thus is in need of empirical study. 205 

Here, we use a multi-continent observational field study and a controlled microcosm 206 

experiment to test the linkages among soil biodiversity and multifunctionality. First, we 207 

conducted a soil analysis across 83 natural (unfertilized) terrestrial ecosystems on five continents 208 

and multiple ecosystem biomes (from arid ecosystems to tropical forests) (Supplementary Fig. 1; 209 

Supplementary Table 1). Using marker gene sequencing methods, we obtained plot-scale 210 

information on the richness (soil diversity) of twelve types of soil organisms including bacteria, 211 

fungi (mycorrhizal and saprotrophic fungi), protists (Cercozoa, Ciliophora and Lobosa), and 212 

invertebrates (Annelida, Arthropoda, Nematoda, Rotifer, Tardigrada and Platyhelminthes) 213 

comprising ~45,000 soil phylotypes (taxa which share 100 % sequence similarity across the 214 

amplified 16S rRNA gene for soil bacteria, and 18S rRNA gene for soil fungi, protists and 215 

invertebrates). We use the term soil biodiversity to refer to these different kinds of richness when 216 

speaking in general terms. We also obtained data for a set of eleven ecosystem functions (stocks 217 

and processes) influenced by soil organisms, which correspond to key components of ecosystem 218 

services: nutrient cycling, OM decomposition, plant net primary productivity (NPP), pathogen 219 

control (reduced relative abundance of potential fungal plant pathogens in soils), and antibiotic 220 

resistance genes (ARG) control (reduced abundance of soil ARGs). Together these 221 

measurements represent core ecosystem functions that are both fundamental and quantifiable. In 222 

this study, we use four different metrics of richness (the most used, and the simplest metric of 223 

biodiversity)24-25; the richness (i.e., number of phylotypes or zOTUs) within each of the 12 224 

organismal types examined independently, a measure of their joint richness (using multidiversity 225 

indexes8,14,25-26), a measure of the richness of organismal types included within globally 226 

distributed ecological assemblages, and the richness of highly connected soil phylotypes within 227 

ecological networks. Given concerns regarding the interpretation of diversity metrics, we used 228 



 

 

multiple approaches to validate our findings. Thus, the results presented herein were robust to 229 

different analytical approaches to quantify multidiversity and multifunctionality.  230 

 231 

Results  232 

In soils from globally-distributed ecosystems, we found significant positive relationships 233 

between the diversity of single groups of organisms and the multidiversity of all groups with 234 

averaging multifunctionality (Fig. 1). The richness of Ciliophora was the only exception, 235 

presenting a neutral relationship (Fig. 1). Importantly, the slope of the soil multidiversity-236 

multifunctionality relationship was steeper than that of the richness of any individual type of soil 237 

phylotypes, and more variance was explained, suggesting that the diversity of multiple soil 238 

organisms fuels multifunctionality in terrestrial ecosystems (Fig. 2A). This positive association 239 

between soil biodiversity and multifunctionality was also found when using an alternative 240 

multifunctionality index weighted26 by five groups of ecosystem services (plant productivity, 241 

ARG control, pathogen control, nutrient cycling and OM decomposition), so that functions from 242 

each ecosystem service contributed equally to multifunctionality (Supplementary Fig. 2)26. 243 

Similarly, the relationship between soil biodiversity and multifunctionality was maintained when 244 

we used an alternative multidiversity index weighted equally by the four main groups of soil 245 

organisms included in this study (bacteria, fungi, protists and invertebrates; Supplementary Fig. 246 

3). Our results from Structural Equation Modeling (SEM; a priori model in Supplementary Fig. 247 

4; Supplementary Table 2), as described in ref.10, suggest the idea that the positive effect of soil 248 

biodiversity on multifunctionality was maintained after accounting for key ecosystem factors 249 

such as geographic location, climate (temperature and aridity), plant attributes (perennial plant 250 

richness and cover), and soil attributes (soil pH, total organic C and % of clay) (Fig. 2B). The 251 

effects of plant diversity on multifunctionality were indirectly driven via changes in soil 252 

biodiversity (Fig. 2B). Our model goodness-of-fit was strong, indicating that patterns represent a 253 

causal scenario consistent with the data (Fig. 2B).  254 

The positive association between soil multidiversity and multifunctionality was also 255 

observed for major biomes and ecosystem types when examined separately (Supplementary Fig. 256 

5), and after accounting for sampling date in our statistical analyses (Spearman ρ = 0.36; P < 257 

0.001)24. Moreover, our results were consistent, irrespective of multifunctionality index, 258 

including multiple single functions (Fig. 2C), the multi-threshold approach14 (Fig. 3; 259 

Supplementary Table 3) and multidimensional functionality26 (Table S4; Supplementary Fig. 6). 260 

In general, the richness of single soil organism types was consistently and positively correlated 261 

with multiple processes related to OM decomposition, reduced abundance of soil ARGs, nutrient 262 

cycling, plant productivity, and reduced relative abundance of potential plant pathogens in soils 263 

(Fig. 2C) among the twelve soil group studies. For instance, the positive relationship between 264 

soil biodiversity and lower abundance of the genes of ARGs suggests that, in natural ecosystems 265 

at high ARG levels, lower diversity may be the result of outcompeting fast growing highly 266 

competitive species via antibiotic production. Moreover, the diversity of nematodes (especially 267 

herbivores and bacterivores; Supplementary Table 5) and bacteria supported the highest number 268 

of single ecosystem functions (Fig. 2C). In addition, soil biodiversity was also fundamental for 269 

maintaining the multiple dimensions of ecosystem functioning, mainly represented by plant 270 

productivity, OM decomposition, reduced abundance of ARGs (e.g., as the result of the lack of 271 

fast growing highly competitive species), and enhanced nutrient cycling (Fig. 2C; Supplementary 272 

Table 4).  273 



 

 

To provide a further test of the importance of soil biodiversity for ecosystem 274 

multifunctionality, we conducted a manipulative microcosm experiment using the dilution-to-275 

extinction approach27-28 with independent soil samples, at the local stand level. Our goal was to 276 

experimentally create a gradient of soil microbial diversity (Supplementary Fig. 7) while 277 

maintaining similar levels of microbial abundance (Supplementary Fig. 8) in independent soils 278 

from two eucalypt forests in eastern Australia24. Please, note that our study was not explicitly 279 

designed to provide a realistic expectation of biodiversity losses (e.g., by soil degradation). In 280 

this microcosm, we assessed eight of the eleven key functions presented above, including N and 281 

P availability, P mineralization, chitin, sugar and lignin degradation, soil respiration and glucose 282 

mineralization, and their relationship to the diversity (richness of soil phylotypes) of microbial 283 

communities (fungi and bacteria)24. Results from this microcosm study provide independent and 284 

experimental verification of a significant and positive link between microbial richness (number 285 

of phylotypes of fungi and bacteria) and multifunctionality (Fig. 4; Supplementary Figs. 9-11 286 

and Table 6). We found that the positive effects of soil bacterial and fungal diversity on 287 

multifunctionality were independent of microbial abundance and community composition, as 288 

supported by partial-correlation analyses which included community composition (first axis of 289 

an Non-metric Multi-Dimensional Scaling including the relative abundance of microbial taxa at 290 

the phylotypes level) and total abundance (measured via qPCR) of fungi or bacteria 291 

(Supplementary Table 7).  292 

The relationships between soil biodiversity and multiple functions at the global level 293 

depended on the type of organism, and on the identity and degree of connectivity of dominant 294 

soil phylotypes across globally distributed soil food webs. For instance, the richness of larger soil 295 

invertebrates such as tardigrades, annelids (e.g., earthworms), platyhelminthes (flatworms), and 296 

arthropods was especially positively associated with high functional thresholds (over 75% of 297 

their maximum observed levels of functioning; Fig. 3; Supplementary Table 3). Conversely, 298 

smaller soil taxa such as bacteria, fungi, protists, and herbivorous and bacterivous nematodes 299 

were positively associated with low functioning thresholds (< 50% of their maximum 300 

rates/availabilities; Fig. 3; Supplementary Tables 3 and 5).  301 

We then evaluated the importance of soil biodiversity for predicting multifunctionality 302 

within key ecological clusters using a global soil correlation network. These ecological clusters 303 

represent ecological assemblages of soil phylotypes that strongly co-occur. Note that one 304 

location can have more than one ecological cluster, and that the number of phylotypes within 305 

these clusters differs across soil samples. We found five dominant ecological clusters that 306 

included >97 % of the soil phylotypes strongly co-occurring within the soil network (Fig. 5). 307 

Conceptually, clusters are likely to have similar ecological ‘preferences’, and can support similar 308 

functions. Taxa within a common cluster were more strongly correlated with other taxa within 309 

that cluster than with taxa from other clusters. A complete list of phylotypes within each 310 

ecological cluster is available in Supplementary Table 8. As noted above, the number of 311 

phylotypes within each ecological cluster changed across soil samples, as not all soil phylotypes 312 

occurred in every soil. We found a positive correlation between the richness of soil phylotypes 313 

within three of these ecological clusters (clusters #2, 4 and 5) and multifunctionality (Fig. 5; 314 

Supplementary Fig. 12). Nematode phylotypes were always present in those functionally 315 

important ecological clusters (Supplementary Table 8), and their richness was positively 316 

associated with multifunctionality (clusters #2 and #4; Fig. 5; Supplementary Fig. 12-13). We 317 

also tested the associations between the richness of soil phylotypes within the two dominant 318 

ecological clusters #2 and #4 and multifunctionality in our microcosm experiment24, and also 319 



 

 

found positive associations between the richness of phylotypes within these ecological clusters 320 

and multifunctionality, providing independent evidence for the importance of these dominant soil 321 

phylotypes in regulating multifunctionality (Fig. 5; Supplementary Fig. 12-13; Supplementary 322 

Tables 9-10; Supplementary Table 8 for taxonomic information on these soil phylotypes). We 323 

also detected two additional ecological clusters (clusters #1 and #3; Supplementary Fig. 14), for 324 

which increases in the richness of soil phylotypes resulted in either no correlation (cluster #3), or 325 

negative association (cluster #1; which included multiple Ciliophora taxa; Supplementary Table 326 

8) with multifunctionality (Supplementary Fig. 14).  327 

Finally, we identified those soil phylotypes that were highly connected with other 328 

phylotypes within the ecological network24 (Fig. 5; Supplementary Fig. 15-16; Supplementary 329 

Tables 9-10). A total of 76 bacterial phylotypes were classified as hub phylotypes (sensu21; 330 

Supplementary Fig. 15-16; Supplementary Tables 9-10). These phylotypes were highly 331 

connected among and/or within ecological clusters within our soil global ecological network. 332 

Interestingly, no fungal, protist, or invertebrate phylotypes were selected as hub phylotypes. We 333 

found a strong and positive association between the richness of soil hub phylotypes and 334 

multifunctionality in both observational and microcosm studies (Fig. 5; Supplementary Fig. 13; 335 

Supplementary Tables 9-10). Finally, further statistical analyses suggested that the different soil 336 

biodiversity indices explained above (multidiversity, and diversity of taxa within ecological 337 

clusters and classified as hub phylotypes) are all important predictors of multifunctionality, and 338 

needed to predict multiple ecosystem functions simultaneously (Supplementary Fig. 17). 339 

 340 

Discussion 341 

 342 

The importance of soil biodiversity as a major driver of multiple ecosystem functions is often 343 

assumed1-6, yet many times undervalued, as microorganisms are usually regarded as highly 344 

functionally redundant in their environments28. However, the reality is that evidence for the link 345 

between cross-biome soil biodiversity and multiple ecosystem functions is lacking at a global 346 

scale, and experimental evidence linking soil microbial diversity to multifunctionality is scarce. 347 

Herein we provide solid evidence, from a global survey and a microcosm experiment, that 348 

multiple elements of soil biodiversity are necessary to maintain multiple ecosystem functions 349 

globally. In particular, we found a positive link between soil biodiversity and ecosystem 350 

functions across globally distributed biomes. Such positive associations were also observed for 351 

major biomes and ecosystem types (Supplementary Fig. 5), and when studying the associations 352 

between the diversity of individual taxa (bacteria, fungi, protists and invertebrates) and multiple 353 

individual functions (Fig. 2C). Our results further suggest that the effects of (perennial) plant 354 

diversity on multifunctionality, across contrasting biomes, are indirectly driven by changes in 355 

soil biodiversity (Fig. 2B), and by plant cover (plant cover ↔ plant richness SEM standardized 356 

effect = 0.39; P < 0.001; Supplementary Table 2). Moreover, we provide the most compelling 357 

experimental evidence, from a microcosm experiment, that soil microbial diversity is positively 358 

associated with multifunctionality, with no evidence of functional redundancy in these 359 

relationships. Finally, our work highlights the importance of soil invertebrates, highly connected 360 

taxa, and key globally-distributed dominant phylotypes within the soil ecological network for 361 

maintaining multiple ecosystem functions simultaneously. Our study highlights the value of 362 

including soil biodiversity in the political and management agenda to protect the functioning of 363 

terrestrial ecosystems worldwide.  364 



 

 

Our experimental tests support the observed soil biodiversity-ecosystem function 365 

relationships across terrestrial ecosystems, using laboratory manipulations, which held most 366 

environmental sources of variation relatively constant. Of note, although results of the global 367 

survey were consistent with the lab experiment results, associations between soil biodiversity 368 

and multifunctionality in this microcosm study were, as expected, always stronger than those in 369 

our global survey. This suggests that (a) soil abiotic properties and climatic conditions do 370 

influence the biodiversity-ecosystem function relations (e.g., Fig. 2B), and (b) the observed 371 

relationships among soil biodiversity and functions that occur in nature can be a combination of 372 

direct diversity effects offset by co-variance among other ecological factors that can co-vary with 373 

diversity, and can cause simultaneous positive and negative functional feedbacks.  374 

Despite the overall positive relationships between soil biodiversity and 375 

multifunctionality, we also found that not all soil organisms were equally important for 376 

maintaining multifunctionality. First, our results indicated that diversity of larger soil 377 

invertebrates seem to be essential for maintaining multiple ecosystem functions operating at high 378 

levels of functioning (>75% threshold), meaning that locations with higher diversity of 379 

biodiversity of tardigrades, annelids (e.g., earthworms), platyhelminthes (flatworms), and 380 

arthropods support a higher number of functions working close to their highest (reported) levels 381 

of functioning (maximum rates/availabilities). For example, relatively large soil invertebrates 382 

comminute large amounts of animal and plant litter, regulating the flow of resources to microbes, 383 

and therefore, controlling the potential rates of multiple ecosystem functions. However, the 384 

biodiversity of smaller soil organisms such as bacteria, fungi and protists play a major role in 385 

supporting multiple ecosystem functions working at low levels of functioning (< 50% of their 386 

maximum rates/availabilities). These results support the idea that larger invertebrates are 387 

especially important for maintaining multiple soil functions operating near peak capacity, while 388 

smaller invertebrates are critical for the ‘fine-tuning’ of multifunctionality (e.g., via nutrient 389 

recycling). Moreover, we found multiple potential associations between the biodiversity of soil 390 

organisms which might be positively influencing ecosystem multifunctionality. For example, the 391 

biodiversity of nematodes and protists were positively associated with bacterial diversity 392 

suggesting potential predator-prey associations (Supplementary Table 3), which could potentially 393 

positively influence multifunctionality. 394 

We further investigated the importance of dominant taxa within the food web as 395 

controllers of ecosystem multifunctionality and found significant positive associations among the 396 

richness of soil phylotypes within three of these ecological clusters (clusters #2, 4 and 5) and 397 

multifunctionality (Fig. 5; Supplementary Fig. 11). In other words, soils having a larger number 398 

of phylotypes belonging to these three ecological clusters (Supplementary Table 3) also had 399 

greater levels of multifunctionality. Importantly, we found that nematode phylotypes were 400 

always present in these functionally important ecological clusters. Nematodes have recently been 401 

reported to play an overwhelming role in controlling carbon fluxes in terrestrial ecosystems 402 

across the globe6. Strikingly, we also detected two additional ecological clusters (clusters #1 and 403 

#3; Supplementary Fig. 14), for which increases in the richness of soil phylotypes resulted in 404 

either no correlation (cluster #3), or negative association (cluster #1; which included multiple 405 

Ciliophora taxa; Supplementary Table 8) with multifunctionality (Supplementary Fig. 14). 406 

Therefore, these soil phylotypes might not contribute appreciably to multifunctionality. This 407 

intriguing result suggests that it is crucial to know the identity of the phylotypes within soil 408 

ecological clusters in order to understand biodiversity-function relationships, and ultimately to 409 

challenge the common misconception that all biodiversity is equally needed to maintain 410 



 

 

ecosystem functioning. Nonetheless, the richness of soil phylotypes within ecological clusters #1 411 

and #3 was positively correlated with specific groups associated with nutrient cycling, OM 412 

decomposition, and reduced abundance of antibiotic resistance genes, suggesting that phylotypes 413 

included within these ecological clusters are important drivers of ecosystem functioning 414 

(Supplementary Tables 9-10).  415 

Finally, our work provides further evidence that the level of connectivity of taxa within 416 

the soil food web strongly influences ecosystem multifunctionality. In particular, we found that 417 

the richness of highly connected (hub) phylotypes within the ecological network was positively 418 

associated with multiple ecosystem functions in soils across the globe, and in our microcosm 419 

experiment. Highly connected and globally-distributed bacteria constituted the foundation for the 420 

soil food webs from our sites across the globe. Hub phylotypes contained some functionally 421 

important phylotypes from the order Nitrospirales, family Beijerinckiaceae, genus 422 

Pedomicrobium and family Methylocystaceae (Supplementary Table 8), and are known to 423 

include soil phylotypes involved in important soil processes such as nitrification, free-living N2 424 

fixation, biofilm formation and methane consumption, respectively. Hub phylotypes also 425 

included multiple phylotypes from order Actinomycetales and Rhizobiales, and phyla 426 

Verrucomicrobia, which have been previously postulated as potential keystone taxa29. Critically, 427 

we found a strong and positive association between the richness of soil hub phylotypes and 428 

multifunctionality in both observational and microcosm studies (Fig. 5; Supplementary Fig. 13).  429 

 430 

Conclusions 431 

Our findings provide observational and experimental evidence that soil biodiversity is critically 432 

important for maintaining ecosystem function across the globe. It should be noted that we see 433 

similar patterns for single metrics of diversity and/or function as with those that are combined 434 

into multi-metrics; and this is true in both our cross-continent study and the manipulated 435 

experiment. Additionally, our results further highlight the fact that, although the positive 436 

relationship between soil biodiversity and multifunctionality is a general one, the specific nature 437 

of this relationship depends on the type of soil organisms, and on the identity and degree of 438 

connectivity of dominant soil phylotypes within the food web. Our results indicate that the 439 

richness of larger soil invertebrates (e.g., annelids, arthropods, tardigrade and flatworms) is 440 

especially important for maintaining multiple soil functions operating near peak capacity. 441 

Moreover, our findings provide evidence that a subset of globally distributed dominant 442 

phylotypes co-occurring within food webs is critically important for maintaining multiple 443 

ecosystems functions across the globe. Finally, highly connected phylotypes within ecological 444 

networks were found to be especially important for maintaining multiple ecosystem functions. 445 

Together, our work represents an important step for soil biology and ecosystem ecology. Our 446 

collective results suggest that multiple ecosystem functions and services supported by soil 447 

biodiversity should not be overlooked, as they likely play key roles for human well-being and 448 

ecosystem sustainability. Locally and across biomes, increasing knowledge of soil biodiversity 449 

could provide an emerging cornerstone for biodiversity, conservation, and with time become a 450 

key component of management decision-making.  451 

 452 

Material and Methods  453 

Global survey 454 

Field survey 455 



 

 

Soil and vegetation data were collected between 2016 and 2017 from 83 locations across five 456 

continents (Supplementary Fig. 1). The field survey was designed to include globally-distributed 457 

locations spanning a wide range of climate (tropical, temperate, continental, polar, and arid) and 458 

vegetation types (including grasslands, shrublands, forests, and forblands). By doing so, we 459 

aimed to maximize the inclusion of a wide range of environmental conditions (e.g., edaphic 460 

characteristics; examples in Supplementary Fig. 18), soil biodiversity, and ecosystem 461 

functioning. Field surveys were conducted according to a standardized sampling protocol25. In 462 

each location, we surveyed a 50 m × 50 m plot using three parallel transects of the same length, 463 

spaced 25 m apart. The cover of perennial vegetation was measured in each transect using the 464 

line-intercept method25. Perennial plant richness (number of species) was estimated at the plot 465 

level. Our sampling design covered wide gradients in key environmental factors. For instance, 466 

mean annual temperature at our sites ranged between -1.8 and 21.6 ºC, and mean annual 467 

precipitation between 104 mm and 2,833 mm. Plant cover ranged between 0 and 100 %, pH 468 

ranged from 3.19 to 9.45, and soil carbon (C) ranged from 0.3 to 473.6 g C kg-1, providing a 469 

good representation of the most common environmental conditions found on Earth. 470 

 471 

Soil sampling 472 

Our sampling was explicitly designed to assess soil biodiversity and ecosystem functions at the 473 

plot level (50 m × 50 m resolution; Supplementary Fig. 19). Five composite topsoil samples from 474 

five 0-10 cm soil cores were collected under the dominant vegetation within each location, 475 

meaning that 25 cores were collected in each plot, and five composite samples were analyzed for 476 

functions and soil biodiversity. A total of 415 soil samples were analyzed in this study. We 477 

calculated site-level estimates of soil biodiversity and ecosystem functions as explained below.  478 

Following field sampling, soils were sieved (2 mm) and separated into two portions. 479 

After soil sampling, one portion was air-dried and used for soil biochemical analyses. The 480 

second portion of soil was immediately frozen at -20 ºC for molecular analyses. This storage 481 

approach is commonly used in global surveys25,30. Ten grams of frozen soil sample (from 482 

composite soil samples as explained above) were ground using a mortar and liquid N aiming to 483 

homogenize soils and obtain a representative sample for sequencing analyses.  484 

 485 

Soil Properties 486 

Soil properties were determined using standardized protocols25. pH was measured in all the soil 487 

samples with a pH meter, in a 1: 2.5 mass: volume soil and water suspension. Soil total organic 488 

carbon was determined as described in ref.25. Texture (% of clay) was determined on a composite 489 

sample from each site according to ref.31. pH, carbon (C) and clay content ranged between 4.1 490 

and 9.1, 0.1 and 25.7 %, and 0.1 and 23.4%, respectively. 491 

 492 

Diversity measures 493 

The diversity of soil bacteria, fungi, protists and invertebrates was measured via amplicon 494 

sequencing using the Illumina MiSeq platform. Soil DNA was extracted using the Powersoil® 495 

DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according to the manufacturer’s 496 

instructions. A portion of the bacterial 16S and eukaryotic 18S rRNA genes were sequenced 497 

using the 515F/806R32 and Euk1391f/EukBr33 primer sets, respectively. Bioinformatic 498 

processing was performed using a combination of QIIME20, USEARCH34 and UNOISE335. 499 

Sequences were clustered into soil phylotypes (aka zOTUs) using a 100% identity level. 500 

Annotation of the representative sequences of zOTU was performed against the Greengenes (16S 501 



 

 

gene) and PR2 (18S gene) databases20,36. Before we calculate the richness of soil organisms 502 

(explained below), the zOTU abundance tables were rarefied at 5,000 (bacteria via 16S rRNA 503 

gene), 2,000 (fungi via 18S rRNA gene), 800 (protists via 18S rRNA gene), and 300 504 

(invertebrates via 18S rRNA gene) sequences per sample, respectively, to ensure even sampling 505 

depth within each belowground group of organisms (Supplementary Fig. 20). Protists were 506 

defined as all eukaryotic taxa, except fungi, invertebrates (Metazoa) and vascular plants 507 

(Streptophyta). Note that not all samples passed our rarefaction cut-off. We obtained information 508 

for 81/83 plots. This information was used for the downstream analyses. The approach used here 509 

is expected to provide similar results to that one using Operational Taxonomic Units37. The 510 

ranges of soil biodiversity are similar to those found in previous global studies20,33. Moreover, 511 

the choice of rarefaction level did not impact our results, as we found highly statistically 512 

significant correlations between the number of soil phylotypes of bacteria (rarefied at 5,000 vs. 513 

18,000 sequences/sample), fungi (rarefied at 2,000 vs. 10,000 sequences/sample), protists 514 

(rarefied at 800 vs. 4,000 sequences/sample), and invertebrates (rarefied at 300 vs. 1,800 515 

sequences/sample) (Pearson r > 0.96; P < 0.001) across different rarefaction levels. On average, 516 

bacterial communities were dominated by Proteobacteria, Actinobacteria and Acidobacteria; 517 

fungal communities were dominated by Ascomycota, Basidiomycota and Mucoromycota; protist 518 

communities were dominated by Cercozoa, Ciliophora and Lobosa; and invertebrate 519 

communities were dominated by Nematoda, Arthropoda and Rotifera in this order.  520 

In this study, we used richness (i.e., number of soil phylotypes) as our metric of soil 521 

biodiversity. Richness is the most used, and simplest metric of biodiversity. Prior to calculating 522 

the richness of different groups of soil organisms, the information on the relative abundance of 523 

soil phylotypes (zOTU abundance tables) from five soil replicates (five composite samples/plot) 524 

was averaged. Using these averaged zOTU tables, we then calculated the richness of the twelve 525 

most prevalent prokaryotic and eukaryotic organisms in our soil samples: bacteria, mycorrhizal 526 

and saprophytic fungi, protists (Cercozoa, Ciliophora and Lobosa), and invertebrates (Annelida, 527 

Arthropoda, Nematoda, Rotifer, Tardigrada and Platyhelminthes). This approach allowed us to 528 

obtain site-level estimates of the total number of phylotypes within each 50m × 50m plot. Even 529 

so, we would like to highlight the potential limitation of sequencing approaches for quantifying 530 

the biodiversity of soil invertebrates. Thus, clarify that the larger soil organisms are possibly 531 

underrepresented with this approach. The identity of saprophytic and mycorrhizal fungi, and 532 

animal predator, herbivore and bacterivore nematodes were identified using FUNguild and 533 

NEMAguild, respectively38. We only used high probable and probable guilds for these analyses. 534 

Moreover, we focused on those taxa with an identified single trophic mode.  535 

Importantly, the richness of soil bacteria, fungi, protists and invertebrates was highly 536 

correlated to Shannon diversity in all cases (Pearson r = 0.80-0.95; P < 0.001). Moreover, the 537 

richness of soil bacteria, fungi, protists and invertebrates calculated at the plot scale (from 538 

averaged zOTU tables) was highly correlated to the richness of soil organisms calculated as the 539 

average of five soil replicates (Pearson r = 0.88-0.93; P < 0.001). These analyses suggest that the 540 

choice of diversity metric should not alter our results. 541 

 542 

Ecosystem functions 543 

Eleven ecosystem functions regulated by soil organisms and belonging to a wide range of 544 

ecosystem services were included in this study: nutrient cycling (soil N and P availability), 545 

organic matter decomposition (soil extracellular enzyme activities related to P mineralization, 546 



 

 

chitin and sugar degradation, and also measurements of lignin degradation, soil respiration and 547 

glucose mineralization), primary production (aboveground net primary production; NPP) and 548 

pathogen (reduced relative abundance of fungal plant pathogens in soils), and ARG control 549 

(reduced abundance of antibiotic resistance genes in soils). In all soil samples, N (ammonium 550 

and nitrate) and P availability were obtained from K2SO4 and bicarbonate extracts, respectively 551 

using colorimetric assays as explained in ref.39. The measure of available P used here (Olsen P) 552 

was significantly positively correlated with other commonly used measure of soil P (resin-P) 553 

(Spearman ρ = 0.64; P < 0.001), suggesting the choice of available P cannot influence our 554 

results. The activities of β-glucosidase (sugar degradation), N-Acetylglucosaminidase (chitin 555 

degradation) and phosphatase (P mineralization) were measured from 1 g of soil by fluorometry 556 

as described in ref.40. In addition, we used the MicroResp® approach41 to measure lignin-557 

induced respiration (calculated from basal respiration measurements using this method). The 558 

total abundance of 285 unique antibiotic resistance genes (ARGs) encoding resistance to all the 559 

major categories of antibiotics was obtained using the high throughput quantitative PCR (HT-560 

qRCR) explained in ref.42 from soil samples. The inversed abundance of ARGs (reduced 561 

abundance of ARGs) was obtained by calculating the inverse of this variable (-1 × total 562 

abundance of ARGs). Antibiotic resistance regulates soil processes such as microbial 563 

competition and productivity30, and are important in natural ecosystem at the large spatial 564 

scale42. The relative abundance of potential fungal plant pathogens in soils was obtained from the 565 

amplicon sequencing analyses (explained above) and were inferred by parsing the soil 566 

phylotypes with FUNguild38. We only used highly probable and probable guilds for these 567 

analyses. The inverse abundance (reduced relative abundance) of potential fungal plant 568 

pathogens was obtained by calculating the inverse of this variable (total relative abundance of 569 

fungal plant pathogens x -1). Soil respiration (The basal flux of CO2), as well as glucose-C 570 

mineralization were estimated in a composite soil sample per plot using an isotope approach. In 571 

brief, two parallel sets of 1 g dry soil samples were placed in 20-ml glass vials at 50% of the 572 

water-holding capacity, sealed with a rubber septum and pre-incubated for one week at 28ºC in 573 

the dark. During this time, microorganisms readapted to the water conditions and released a 574 

pulse of CO2 due to the new moisture conditions. After that, glass vials were opened and the 575 

atmosphere was refreshed. The mineralization of fresh C (glucose mineralization) was assayed 576 

by adding 13C-glucose (99 atom% U-13C, Cambridge Isotope Laboratories, Tewksbury, 577 

Massachusetts, US) dissolved in water to one of the vial series at a dose of 250 µg of glucose-C 578 

per gram of soil which is commonly used in incubation studies43-46. In parallel, the second 579 

sample set was subjected to the same procedure adding water without glucose; this sample set 580 

was used for measuring soil respiration rates. Soils were then incubated for 16 days at 28ºC in 581 

the dark. After incubation, 4 ml of headspace gas from each vial were transferred to pre-582 

evacuated glass vials (Labco Limited, Lampeter, Wales, UK) and the quantity and isotopic 583 

composition of released CO2 was then determined. Soil respiration and glucose-C mineralization 584 

were estimated from these analyses. We used the Normalized Difference Vegetation Index 585 

(NDVI) as our proxy for plant net primary productivity (NPP) during sampling dates. This index 586 

provides a measure of the "greenness" of vegetation across Earth's landscapes. NDVI data were 587 

obtained from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard NASA's 588 

Terra satellites at 250-m resolution. The NDVI index during sampling dates was highly 589 

correlated to monthly averages for this variable between the 2008-2017 period (Spearman ρ = 590 

0.83; P < 0.001), suggesting that the choice of productivity period should not alter our results. 591 

 592 



 

 

Microcosm study 593 

Field survey and soil sample collection 594 

This microcosm study was conducted in soils independent from the global survey presented 595 

above, which explains the slight methodological differences between these two studies, and 596 

allows us to test relationships between soil diversity and function independently of the data used 597 

to assess the global patterns. This microcosm experiment further allowed us to account for any 598 

effects of community composition and abundance of fungi and bacteria in our conclusions.  599 

Soil sampling was carried out in March 2014 in two locations from Eastern Australia 600 

(Microcosm A: NSW 33.9867° S, 145.7115° E; and Microcosm B: NSW, 33.7035° S, 148.2612° 601 

E) with contrasting precipitation regimes –an important environmental factor which often lead to 602 

contrasting environmental conditions25. Soil samples were collected from the top 10 cm. 603 

Locations were both open forests dominated by Eucalyptus spp., and were selected because of 604 

their contrasting precipitation regimes: 400 (site A) and 657 mm (site B). Clay %, total soil 605 

organic C, and pH (estimated as explained above) were 32 and 37%, 1.7 and 1.8% and 6.0 and 606 

5.6 for soils for sites A and B, respectively.   607 

 608 

Microcosm preparation 609 

Soil samples from each site were sieved to < 2mm and divided in two portions: (1) soil for 610 

sterilization, and (2) soil for microbial inoculum and experimental controls (non-sterilized 611 

original soils). The first portion was sterilized using a double dose of gamma radiation (50 kGy 612 

each) at ANSTO Life Sciences facilities, Sydney. Gamma radiation was used as it is known to 613 

cause minimal change to the physical and chemical properties of soils compared with other 614 

methods such as autoclaving47-48. The dilution-to-extinction approach was used to prepare soil 615 

microcosms27-28. A parent inoculum suspension was prepared by mixing 25 g soil in 180 ml of 616 

sterilized phosphate buffered saline (PBS). The mixture was vortexed on high speed for 5 min to 617 

mix the contents. The sediment was then allowed to settle for 1 min and serial dilutions were 618 

prepared from the suspension. For each soil (soils A and B), five dilutions were used as the 619 

microbial inoculum to create a diversity gradient; these dilutions were undiluted (100; Dx); 1/10 620 

dilution (D1); 1/103 dilution (D3) and 1/106 dilution (D6). A total of 40 microcosms (500 g each; 621 

4 dilutions x 5 replicates x 2 soil types) were prepared. The moisture contents in these 622 

microcosms were adjusted to 50% water holding capacity to allow microbial activities to be 623 

maintained (by adding sterile water if needed) during the incubation period. These microcosms 624 

were established under sterile conditions; aseptic techniques were used throughout the 625 

experiment to avoid contamination. 626 

Soil microcosms were incubated at 20°C for 6 weeks for microbial colonization and 627 

biomass recovery as described in ref.28. Microcosms with the highest dilution are expected to 628 

have the lowest microbial biomass initially, which may affect any interpretation regarding the 629 

relationship between microbial diversity and ecosystem functioning. Biomass recovery is needed 630 

to properly address the link between soil microbial diversity and ecosystem functioning by 631 

controlling for biomass interferences. Thus, we started measuring soil microbial diversity and 632 

functions only after the microbial biomass had recovered across all dilutions of the microcosm 633 

(Supplementary Fig. 6).  634 

 635 

Diversity measurement 636 

Total genomic DNA was extracted using the MoBio PowerSoil DNA Isolation Kit (MoBio 637 

Laboratories, Carlsbad, CA, USA) as per the manufacturer’s instructions. In order to quantify the 638 



 

 

abundance of bacteria and fungi in our microcosms, and then be able to statistically account for 639 

any effect of microbial biomass on our biodiversity-function conclusions, the abundances of total 640 

bacteria (using the 16S rRNA gene; primer set Eub338/Eub518) and fungi (using the Internal 641 

transcribed spacer region (ITS); primer set ITS1-5.8S) were quantified on a CFX-96 642 

thermocycler (Bio-Rad, USA) as described in ref.48. Standard curves were generated using ten-643 

fold serial dilutions of plasmids containing the correct insert of each gene. The diversity of soil 644 

bacteria and fungi was measured via amplicon sequencing using the Illumina MiSeq platform. 645 

Bacterial 16S rRNA gene and fungal ITS region were sequenced using the 341F/805R and 646 

FITS7/ITS4 primer sets10, respectively. Bioinformatic and rarefaction analyses were done as 647 

explained above for the cross-biome study. Note that not all samples passed our rarefaction cut-648 

off. We obtained information for 17/20 microcosms for soil A, and in 19/20 microcosms for soil 649 

B. We calculated the richness of bacteria and fungi in each soil replicate from rarefied zOTU 650 

(zero-radius OTUs) tables. 651 

 652 

Ecosystem functions 653 

Eight out of the eleven functions explained above were available for this microcosm study 654 

including N and P availability, P mineralization, chitin degradation and glucose mineralization, 655 

lignin degradation, soil respiration and glucose mineralization. All functions but soil respiration 656 

and glucose mineralization were measured as explained above. In the case of glucose 657 

mineralization, here, we used the MicroResp® approach41 to measure glucose-induced 658 

respiration (calculated from basal respiration measurements using this method). Soil respiration 659 

(CO2 fluxes) was monitored by placing 20 g of soil from each microcosm in a glass jar (12 cm 660 

depth, 75 cm diameter, Ball, USA), and then sealed with a gas-tight lid, which had a rubber 661 

stopper in the middle. Gas samples were collected in 25 ml gas-tight syringes at 0, 30 and 60 min 662 

after sealing. Soil gas flux for CO2 was measured in an Agilent-7890a gas chromatograph 663 

(Agilent Technologies, Wilmington, DE, USA). Soil respiration was estimated from these 664 

analyses.  665 

 666 

Ecosystem multifunctionality and multidiversity 667 

To obtain a quantitative multifunctionality index for each site from the global survey and 668 

replicate from the microcosm study, we used four independent multifunctionality approaches: (1) 669 

the averaging multifunctionality index25, (2) the multi-threshold multifunctionality index14, (3) 670 

multiple single functions and (4) the principal coordinate multifunctionality index26. To obtain an 671 

averaging ecosystem multifunctionality index, we first standardized between 0 and 1 672 

(rawDiversity-min(rawDiversity)/(max(rawDiversity) - min(rawDiversity)), the ecosystem 673 

functions evaluated, and then averaged. In the case of the global survey, prior to this analysis, we 674 

averaged the soil variables observed in the five replicates (five composite samples/plot) collected 675 

within each plot to obtain site-level estimates. This multidiversity index is largely used and 676 

accepted in the current biodiversity-function literature2,8,11.  677 

Moreover, we use multifunctionality (multiple individual functions and using three state-678 

of-the-art multifunctionality indices)14,25-26 to denote both a set of functions examined 679 

individually and their joint actions when described with a single multifunctionality index; and do 680 

not argue that one is better or more appropriate than the other. The multi-threshold approach14, 681 

aims to evaluate the linkage between biodiversity and the number of functions (rate or 682 

availability) that simultaneously exceed a critical threshold (>10, 25, 50, 75 and 90% of the 683 

maximum observed level of functioning for a given function). Finally, for the global survey, we 684 



 

 

used PCA (Principal coordinate analyses) to identify the different dimensions of 685 

multifunctionality26.  686 

To obtain a multidiversity index8, we first standardized the site-estimated richness of 687 

each soil group between 0 and 1, and then averaged them, so that the richness of each soil group 688 

contributed equally to this multidiversity index. In general, the eleven functions and the twelve 689 

soil biodiversity (richness of bacteria, fungi, protists and invertebrates) indices included in the 690 

averaging index were not strongly multicollinear (r < 0.8). 691 

 692 

Statistical analyses 693 

Linking soil biodiversity to multifunctionality 694 

We first conducted Ordinary Least Squares (OLS) linear regressions between soil multidiversity 695 

(standardized averaged of the diversity of twelve soil organisms) and single soil organisms with 696 

multifunctionality, multidimensional functioning (axes of a PCA analysis including eleven 697 

functions) and the number of functions > threshold. We then conducted Spearman correlations 698 

between the diversity of single soil organisms and single functions. In the global survey and to 699 

account for any influence of sampling dates in our statistical analyses, we conducted an ANOVA 700 

using sampling year, season (summer, spring, winter and fall) and trimester (1 = January-March; 701 

2 = April-June; 3 = July-September; and 4 = October-December) as fixed factors and 702 

multifunctionality as a response variable. We then correlated (Spearman) the residuals of this 703 

ANOVA (portion of variation in multifunctionality not explained by sampling date) with 704 

multidiversity.  705 

 706 

Structural Equation Modelling 707 

We used structural equation modeling (SEM)10 to evaluate the direct link between soil 708 

biodiversity and multifunctionality (averaging) in our global survey after accounting for multiple 709 

key ecosystem factors such as spatial influence (distance from equator and sine and cosine of 710 

longitude), climate (mean annual temperature and aridity), plant (richness and cover) and soil 711 

(soil pH, total organic C content and % of clay) attributes simultaneously (See a priori model in 712 

Supplementary Fig. 4; Supplementary Table 2). Mean annual temperature (MAT) and Aridity 713 

Index (AI = precipitation / evapotranspiration) were obtained from WorldClim derived data 714 

(http://www.worldclim.org) at 1 km resolution. Aridity was calculated as the inverse of the 715 

Aridity Index (-1 × AI). A useful characteristic of SEM for our purposes lies on its utility for 716 

partitioning the effects that a variable may have on another, and for estimating the strengths of 717 

these multiple effects. Unlike regression or ANOVA, SEM offers the ability to separate multiple 718 

pathways of influence and view them as parts of a system, and thus is useful for investigating the 719 

complex relationships among predictors commonly found in natural ecosystems10. All variables 720 

were included as independent observable variables. The diversity of twelve soil organisms was 721 

included as a composite variable in our SEM, because together they determine ecosystem 722 

multifunctionality. The use of composite variables does not alter the underlying SEM model, but 723 

collapses the effects of multiple conceptually-related variables into a single composite effect, 724 

aiding interpretation of model results. Moreover, we identified curvilinear relationships between 725 

environmental factors and multifunctionality (Supplementary Fig. 21). We found that 726 

multifunctionality was associated with aridity in a hump-shaped fashion, and that this 727 

relationship was well described by a second-order polynomial. In order to introduce polynomial 728 

relationships into our model, we calculated the square of aridity and introduced it into our model 729 



 

 

using a composite variable approach described above. SEM models were conducted with the 730 

software AMOS 20 (IBM SPSS Inc, Chicago, IL, USA). 731 

 732 

Correlation networks 733 

To identify ecological clusters of strongly associated soil taxa including unique soil phylotypes, a 734 

correlation network, i.e., co-occurrence network, was established. We conducted these analyses 735 

with 81 globally-distributed locations for which we have information on soil organisms. We used 736 

the site-level estimated zOTU tables described above for these analyses. We focused on the most 737 

dominant phylotypes: those that were both abundant (top 10% of all identified prokaryotes and 738 

eukaryotes in terms of relative abundance) and ubiquitous (>25% of all locations) across all 739 

globally-distributed soils, and identified ecological clusters of strongly co-occurring soil 740 

phylotypes within this network. Such filtering, is aimed to reduce potential spurious correlation 741 

from the rare taxa. We used the definition of dominant phylotype explained in ref.20 to apply an 742 

additional constraint to ensure we identified dominant phylotypes. While many bacterial taxa are 743 

globally distributed20, this is unlikely to be the case for eukaryotic organisms. Because of this, 744 

here we applied a >25% ubiquity threshold. We focused on these dominant soil phylotypes 745 

because they are expected to have a disproportionate functional importance in their ecosystems, 746 

and are globally-distributed, reinforcing the global perspective of our conclusions. Our network 747 

included 1782 dominant soil phylotypes strongly co-occurring with each other. These soil 748 

phylotypes were dominated by 1674 bacteria, 53 fungi, 77 protists, and 5 nematodes.  749 

We used a correlation cut-off of Spearman ρ > 0.65, P < 0.001, which is largely used in 750 

the current literature, and comparable across studies18, to generate statistically robust correlations 751 

and control the false positive rate as much as possible. This cut-off, which is largely used in the 752 

microbial literature18, is expected to have both a mathematical and biological meaning, as we 753 

only focused on organisms that are strongly correlated with each other. Even so, we reinforce the 754 

notion that correlation network analyses are only a simplistic representation of a complex 755 

microbial system. Moreover, ecological networks based on correlations can yield spurious 756 

results, and associations between taxa within these networks cannot be directly interpreted as 757 

interactions. This is particularly true for microbial community data (based on relative abundance) 758 

where data (the relative abundance of different taxa) are not completely independent. However, 759 

the information derived from these networks is essential for generating novel hypothesis and 760 

ecological frameworks (to be tested in future experiments) about the role of highly connected 761 

taxa and dominant taxa within food webs in controlling multifunctionality. 762 

The network was visualized with the interactive platform Gephi (https://gephi.org). We 763 

identified the ecological clusters and hub taxa within our ecological network using the R 764 

packages (https://cran.r-project.org/web/packages/) igraph50 and brainGraph51. We then 765 

computed the richness of soil organisms within each ecological cluster, and that of highly 766 

connected soil taxa (classified as hubs; Fig. 2 in ref.21) across 81 globally-distributed locations.     767 

 We also estimated the richness of dominant taxa within ecological clusters, and that of 768 

hub taxa within the ecological network, in our microcosm experiment to cross-validate our 769 

observational data using an independent approach. We focused on bacterial communities for 770 

these analyses because: (1) the 16S rRNA gene region amplified in both the observational 771 

(515F/806R) and experimental (341F/805R) study overlap, allowing us to match (>97% 772 

similarity) representative sequences for bacterial soil phylotypes found in both databases; and (2) 773 

based on global survey, bacterial taxa accounted for 94% of all taxa included in our correlation 774 

network (based on our global survey), and was the only group of organisms including highly 775 



 

 

connected (hub) taxa. We focused on the two dominant ecological clusters in our network (#2 776 

and 4; Fig. 4). About 70% of all bacterial taxa within ecological clusters #2 and 4 were present in 777 

our microcosm study (>97% similarity; Supplementary Table 9). Moreover, 71% of taxa 778 

classified as hub taxa was detected in our microcosm study (>97% similarity; Supplementary 779 

Table 9).  780 

 781 

Semi-partial correlations 782 

In our microcosm study and to test for the influence of community composition and abundance 783 

in our biodiversity-function conclusions, we conducted partial correlation analysis between soil 784 

biodiversity and multifunctionality accounting for microbial abundance (qPCR data) and 785 

community composition (main axes of a non-metric multidimensional scaling analysis; see ref.28 786 

for a similar approach). We did not conduct these analyses for the observational database 787 

because obtaining absolute information for the abundance of all multiple soil taxa (bacteria, 788 

fungi, protist and soil invertebrates) at the global scale was not possible.  789 

 790 
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Figure legends 957 

 958 

Figure 1. Linear relationships between the biodiversity of selected groups of soil organisms 959 

(number of species, richness) and multidiversity (standardized between 0 and 1) with 960 

multifunctionality (n = 81). P-values (Pearson regressions) as follow: *P < 0.05; **P < 0.01. 961 

 962 

Figure 2. Links between soil biodiversity and ecosystem multifunctionality in a global field 963 

survey. Panel A represents the fitted linear relationships between the biodiversity of selected 964 

groups of soil organisms (number of species) and of a composite metric of their joint diversity 965 

(multidiversity; standardized between 0 and 1) with average multifunctionality (Pearson 966 

regressions; P ≤ 0.05; n = 81). Panel B represents a fitted Structural Equation Model aiming to 967 

identify the direct relationship between the combined biodiversity of twelve groups of soil 968 

organisms and averaging ecosystem multifunctionality (EMF) (n = 81). We grouped the different 969 

categories of predictors (climate, soil properties, plants and spatial influence) in the same box in 970 

the model for graphical simplicity, however these boxes do not represent latent variables. Soil 971 

biodiversity was included as a composite variable including information from the biodiversity of 972 

twelve selected soil taxa. Rectangles are observable variables. Numbers adjacent to arrows are 973 

indicative of the effect size of the relationship. R2 denotes the proportion of variance explained. 974 

Significance levels of each predictor (from Structural Equation Modelling) are **P < 0.01 and * 975 

P ≤0.05. MAT (mean annual temperature). Information on BOX A-C and direct effects for other 976 

SEM arrows can be found in Supplementary Table 2. Information on our a priori model can be 977 

found in Supplementary Fig. 4 and Supplementary Table 2. Panel C includes significant 978 

correlations (Spearman; P ≤ 0.05) between the diversity of single groups of organisms and single 979 

ecosystem functions in the global field survey (n = 81).  980 

 981 

Figure 3. Relationship between the biodiversity of selected groups of soil taxa (number of 982 

phylotypes) and of a composite metric of their joint diversity (multidiversity; standardized 983 

between 0 and 1) with multi-threshold functioning in a global field survey (n = 81). Fitted linear 984 

regressions between the diversity of single groups of soil organisms and the number of functions 985 

over multiple thresholds. Different colors represent different thresholds of functioning. P-values 986 

(Pearson regressions) as follow: *P < 0.05; **P < 0.01. 987 

 988 

Figure 4. Linkages between soil biodiversity and ecosystem multifunctionality in a microcosm 989 

study. Panels show the linear relationships between the diversity of single groups of soil 990 

organisms (number of phylotypes) and average multifunctionality for microcosms of two soils 991 

(Microcosms A and B) from Eastern Australia. Different colors represent different dilutions from 992 

our dilution-to-extinction approach (D0-D6; n = 5). P-values (Pearson regressions) as follow: 993 

**P < 0.01. 994 

 995 

Figure 5. Linkages between the soil biodiversity within ecological networks and 996 

multifunctionality. Panels show the linear relationships between the diversity (number of 997 

phylotypes) of soil phylotypes within ecological clusters #2 and 4 and highly connected hub 998 

phylotypes within a global-scale soil ecological network with averaging multifunctionality (n = 999 

81). Microcosms A and B were conducted in two different soils from Eastern Australia. Different 1000 



 

 

colors represent different dilutions from our dilution-to-extinction approach (D0-D6; n = 5). P-1001 

values (Pearson regressions) as follow: **P < 0.01. 1002 


