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ABSTRACT  26 

The role of niche differences and competition is invoked when one finds coexisting species to 27 

be more dissimilar in trait composition than expected at random in community assembly 28 

studies. This approach has been questioned as competition has been hypothesized to either 29 

lead to communities assembled by similar or dissimilar species, depending on whether 30 

species similarity reflects fitness or niche differences, respectively. A current problem is that 31 

the arguments used to draw relationships between competition and species similarity are 32 

based on pairwise theoretical examples, while in nature competition can occurs among a 33 

constellation of species with different levels of versatility in resources used. By versatility we 34 

mean the documented ability of some species to escape competition for commonly used 35 

resources by changing for marginal and unused resources. Thus, a versatile species will have 36 

the ability to decrease niche overlap with all other species when facing strong competitors. 37 

When these species are embedded in multiple interactions the role of pairwise niche and 38 

fitness differences could be reduced due to indirect effects and thus competition would not be 39 

detectable. Here we developed a coexistence theory where competition occurs simultaneously 40 

among multiple species with different levels of versatility and then used it in a simulation to 41 

unravel patterns of species similarity during community assembly. We found that simulated 42 

communities can be assembled by species with more, less or equal similarity compared to a 43 

null model when using a mean distance based metric (SES.MPD). However, contrasting these 44 

varied results, we consistently found species overdispersion using a nearest neighbor-based 45 

metric (SES.MNTD), even when species differences reflected more directly their competitive 46 

abilities than their niche differences. Strong tendency to overdispersion emerged when high 47 

ecological versatility promoted large niche differences and enabled coexistence. This is 48 

because versatility to use marginal resources compensates possible fitness differences among 49 

species. Our findings provide mounting evidence of the important role of minimum niche 50 
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differences and versatility in resource consumption for species embedded in multiple direct 51 

and indirect interactions.  52 

 53 

Keywords: assembly rules, multispecies competition, functional diversity, limiting similarity, 54 

functional versatility, niche theory, clustering, overdispersion. 55 

 56 

INTRODUCTION  57 

It has become common practice in community ecology to assume that communities 58 

composed of more dissimilar species than expected at random (hereafter species 59 

overdispersion) are predominantly assembled by interspecific competition (Weiher and 60 

Keddy 1995; Webb 2000; HilleRisLambers et al. 2012; D’Andrea and Ostling 2016). This 61 

inference is grounded on MacArthur and Levins’s (1967) limiting similarity hypothesis, 62 

which claims the existence of a limit to the resource use overlap between species for their 63 

stable coexistence. Accordingly, communities composed of similar species (hereafter species 64 

clustering) are seen as evidence for relaxed competition for resources and strong abiotic 65 

filtering selecting phenotypes well adapted to the environment (Weiher and Keddy 1995).  66 

After years of intense application of this approach, Mayfield and Levine (2010) 67 

challenged it by explaining that species clustering can also be the result of interspecific 68 

competition if species similarities (e.g. calculated using morphologic, behavioral, metabolic 69 

traits) reflect their competitive hierarchy (see also HilleRisLambers et al. 2012; Adler et al. 70 

2013; D’Andrea and Ostling 2016; Cadotte and Tucker 2017). This happens because, in 71 

contrast to the traditional view, not all species differences should promote coexistence. 72 

According to Chesson (2000), species coexistence depends on two kinds of interspecific 73 

differences. First, stabilizing niche differences (hereafter niche differences) favor coexistence 74 

by reducing the overlap in resource use between species in time or space, making 75 
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intraspecific competition more intense than interspecific competition (Chesson 1991). 76 

Second, species-level average fitness differences (hereafter fitness differences) determine 77 

which species will outcompete others in absence of niche differences (Chesson 2000). A 78 

balance between niche and fitness differences determines stable coexistence and the pairwise 79 

coexistence condition is that niche differences must overcome fitness differences (Chesson 80 

2000). So, if species similarities relate to their fitness equalities, then one could expect to find 81 

species clustering around an optimum trait value when competition rules the assembly 82 

(Mayfield and Levine 2010).  83 

Understanding how differences in species morphology, behaviors and strategies 84 

influence niche and fitness differences between them is a complex challenge (Godoy et al. 85 

2014; Herben and Goldberg 2014; Kraft et al. 2015; D’Andrea and Ostling 2016). Several 86 

traits can impact both niche and fitness differences, even if the net impact on one is higher 87 

than on the other (Kraft et al. 2015). For example, two animal species competing for different 88 

prey can have distinct preferences for prey size and taxonomic identity of prey. Differences 89 

in taxonomic preferences could favor coexistence through resource partitioning but size 90 

preferences could lead to competitive asymmetry given that feeding on larger animals may 91 

improve species fitness. Thus, differences in taxonomic and size preferences would 92 

contribute to both niche and fitness differences. Therefore, it is not clear whether analyzing 93 

together traits that drive stabilizing and equalizing mechanisms simultaneously should give 94 

clustered, segregated or random patterns.  95 

Beyond the importance of niche and fitness differences for competitive outcomes, two 96 

characteristics of species competition are usually overlooked in community assembly studies. 97 

First, competition generally happens between several species in nature (Pianka 1974), not 98 

only in pairwise situations, as commonly considered in conceptual and experimental 99 

examples (Mayfield and Levine 2010; Chu and Adler 2015). The addition of a third (or more) 100 
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species to a community composed of two species modifies the competitive network. This 101 

happens because three species can experience indirect effects of each other (Levine 1976; 102 

Lawlor 1979). For example, let us consider species A, B and C: species A has a direct effect 103 

on species B by directly competing for resources, but also has an indirect effect by competing 104 

with the third species C, which is a common competitor of species A and B – thus the full 105 

impact of species A on B would be the sum of the direct and indirect effects. Given that, the 106 

pairwise coexistence condition – i.e. niche differences must exceed fitness differences 107 

(Chesson 2000) – is not the only determinant of species coexistence, as it is also influenced 108 

by the other species that compose such a community.  109 

Second, one of the most used models of species competition considers that 110 

competition occurs over a linear array of resources and each species have a trait that makes 111 

them able to consume a range of this array of resources (the MacArthur’s consumer-resource 112 

model, 1970). In this case, trait differences determine the resource use overlap and thus the 113 

interaction strength among species (see Fig. 1). However, competition in nature can happens 114 

in a different way. In other documented cases, all species will be able to consume one 115 

common resource (in general an abundant resource), but they may vary in the ability to 116 

consume other resources, changing their dependency on this common resource when facing 117 

competition (Liem 1980; 1990; Bellwood et al. 2006). For example, Liem (1980) found that 118 

morphological differentiation in mouth apparatus in cichlids determine the ability of species 119 

to escape competition for common preys (by changing for a different resource) in the 120 

presence of strong competitors. In this case, differences in traits impacts their versatility and 121 

thus could determine niche differences with all other species simultaneously using the 122 

coexistence framework (see Fig. 1 for a schematic explanation of the differences between 123 

MacArthur’s model and our model considering species versatility).   124 
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 So, based on the potential impact that multispecies competition and species versatility 125 

may have on community assembly, we investigated the strength of commonly used metrics of 126 

species dispersion (e.g. mean pairwise and nearest neighbor metrics, Weiher and Keddy 127 

1995; Webb 2000) to detect signatures of competition under a mechanistic model of 128 

competition. We first developed the underlying theory of competition considering species 129 

versatility upon Chesson’s (2000) coexistence theory and then used it within a simulation 130 

based on sequential colonization from a species pool. We observed the emergence of species 131 

clustering, overdispersion and random patterns in simulated communities fueling the ongoing 132 

discussion on the use of species dispersion metrics to infer assembly processes. 133 

 134 

METHODS 135 

Theory development  136 

We used a model to simulate community assembly based on modern coexistence theory and 137 

under multispecies competition (see Appendix S2 in Supporting Information for a detailed 138 

version of the model and proofs). We aimed a reference model that respects Chesson's (2000) 139 

following to the long-term low-density growth rate of a species i in a multispecies system 140 

(Eq. 4 in Chesson 2000): 141 

           
      

   
    

     

   
  (1) 142 

where n is the number of species in the system, the ks are measures of fitness of individual 143 

species,                is the average fitness of the competitors of i,   is a measure of 144 

niche overlap, and D is a positive constant. This equation is composed of an equalizing term 145 

       
      

   
  (2) 146 

and a stabilizing term  147 

   
     

   
  (3) 148 
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In this kind of community model, a set of species is said to coexist if all individual species 149 

can grow from low density in the community made of the     other species at equilibrium 150 

(i.e. community feasibility). 151 

We started with MacArthur's consumer-resource model where   species compete for   152 

resources (Eqs. 1 and 2 in Chesson 1990): 153 

  

 

  

   

  
            

 
       

 

  

   

  
      

  

  
        

 
   

  (4) 154 

where i is a consumer species; Xi is population density; Rl is the density of food resource l;  wl 155 

is the value of one unit of resource l to the consumer; cil is the rate at which consumer  156 

species i captures resource l per unit abundance of resource l; mi is the total value of resource 157 

that must be harvested per capita for the growth rate to be exactly 0; bi is a factor converting 158 

the resource excess into the per capita growth rate; rl is the growth rate and Kl the carrying 159 

capacity for resource l. 160 

Assuming a separation of time scales between resource and consumer dynamics yields (see 161 

Appendix S2): 162 

 

   

    

  
                 

 
     (5) 163 

where     and     are rescaled quantities corresponding to    and    from equation (4),     is a 164 

rescaled quantity corresponding to         
 
       in equation (4) and      is a rescaled 165 

interaction coefficient between species i and j, comprised between 0 and 1, which 166 

corresponds to a resource overlap between the two species (in particular       ). 167 

Consider species   at low density, and assume that the     other species can coexist. Then 168 

all the other species     harboring their equilibrium density      (second subscript “ ” 169 

meaning “in the absence of species  ”). Then the long-term growth rate at low density of 170 

species  ,    , is obtained by neglecting     and setting the    s to     s in (5): 171 
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  (6) 172 

To derive an equation for the long-term low-density growth rate of a species in the form of 173 

Chesson's approximation for multispecies system (Eq. 1), we considered a particular type of 174 

interactions among species that reflect species versatility: for all pairs of species    , we 175 

assumed that          , where                is a vector of positive real numbers 176 

between 0 and 1. In particular,       . Empirically,   can be a measure of resource use 177 

restriction or versatility (e.g. Bellwood et al. 2006 used the species distance to the centroid of 178 

a multidimensional space of species distances as a measure of versatility). High values of 179 

  means that a species will depend mostly on the common resource all species can consume, 180 

while species with low   will be those with the versatility to use marginal resources when 181 

facing competition (see Fig. 1).  182 

Importantly, we show in Appendix S2 that any set of interactions of this type can be obtained 183 

by adjusting the basic parameters of the model (resource renewal dynamics and consumption 184 

vectors), as long as the number of resource types is equal or greater than the number of 185 

species. As similar to the MacArthur’s model, resource types can be anything that can vary 186 

and can be depleted for other species, i.e. seed size ranging from 1 to 100 cm can be 187 

considered 100 resources for birds if each size encompasses a resource that provide niche 188 

differences and can be limiting: 189 

            
  

    
  
 

    
 

 
   
   

 

 
  

    
    

 
   
   

  (7) 190 

We now seek to decompose equation (7) into stabilizing and equalizing terms as in Chesson's 191 

(2000) framework. To find the stabilizing term, we first looked at the long-term growth rate 192 

at low density when all the species have the same fitness   . In this case, only the stabilizing 193 

should act on coexistence. When all species have equal fitness, (7) becomes: 194 
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   (8) 195 

We now search for the corresponding equalizing term in an additive decomposition as in 196 

Chesson's (2000) framework (Eq. 1 above). Starting from (7), we obtained (see Appendix S2 197 

for detailed proofs) the following final expression for the long-term growth rate of a species: 198 
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where  200 
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 203 

We thus retrieved in (9) a stabilizing term with a form consistent with Chesson’s (2000) 204 

equation (Eq. 1).  205 

The main difference with Chesson's (2000) framework is that     is not a simple arithmetic 206 

mean of the fitness values but a weighted mean, where weights (
  

    
 ) depend on some 207 

interaction effects with other species. Changing interactions among species thus changes the 208 

   . Our theory provides a multispecies extension of the pairwise Chesson’s theory in the case 209 

when interactions strength among species simultaneously affects in the same direction the 210 

competition with all the other species. This is because all species can consume a common 211 

resource, but vary in their versatility to consume other resources (see Fig. 1).  212 

 213 
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Simulation description 214 

To simulate community assembly, we created a species pool with 100 species. For 215 

each species we settled values of    and θi – the parameters of species in our coexistence 216 

model (Eq. 9). The values of these species parameters determine niche and fitness differences 217 

and thus both are necessary to determine coexistence in communities using equation (Eq. 9). 218 

Biologically,    would be related to one or several morphological, behavioral or other traits 219 

that influence species competitive ability. Theta, however, represents a synthetic measure of 220 

ecological versatility indicating the extent to which a species depends on a common resource 221 

that all other species can consume (see Fig. 1). We calculated fitness differences and niche 222 

differences resulting in two species distance matrix, one that represented species niche 223 

overlap (1-    ) (from 0 to 1) and another that represented competitive differences       224 

    ). Subsequent analyses of species similarity were based on these two species distance and 225 

not on    s and θis directly. So, species competitive ability determines competitive exclusion 226 

in the lack of niche differences, while species versatility determines the niche overlap among 227 

species. 228 

We simulated values for parameters    and θi using the beta distribution, which is a 229 

continuous probability distribution defined on [0, 1] with two positive parameters: α and β. 230 

We used α and β to control the means of    and θi values and their variation. It is important to 231 

stress that low α values for θi means that, overall, species are highly versatile. Controlling the 232 

α and β parameters in the beta distribution allowed us to simulate various scenarios for the 233 

distribution of fitness and niche differences in the species pool (Fig. 2). Differences between 234 

the parameters of the beta distribution (Fig. 2) are due to differences in the way fitness and 235 

interaction strength interfere in the model, fitness in an additive manner and interaction 236 

strength in a multiplicative manner. 237 
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 Once the species pool was defined, we built the model to simulate community 238 

assembly. The model requires a given a priori number of colonization events to occupy a 239 

community. The species pool is unchanged so that a single species can try to invade a 240 

community several times. The first species is randomly selected from the pool and occupies a 241 

community. Then, the model randomly selects a second species to invade the community and 242 

applies the coexistence condition (Eq. 9) to decide whether the first and the second species 243 

can coexist in that community. If these species can coexist, the next (third) invader would be 244 

tested using the multispecies coexistence condition (Eq. 9). Subsequent colonizing species 245 

are tested for the coexistence condition with all species that already coexist there. The 246 

process of assembly ends when all the colonization events defined a priori were done. We 247 

also simulated scenarios where species have different colonization probabilities depending on 248 

their    and θi, one with a colonization-competition trade-off and another where species that 249 

rely mostly on a common resource have higher chance to colonize new patches. However, 250 

these simulations provided highly similar results to the random dispersal approach. Thus, 251 

these are only described in Appendix S3. 252 

 In this model, when the coexistence condition was not satisfied and the long-term 253 

growth rate of the invader was negative, then the invader was excluded. If the coexistence 254 

was not satisfied and the long-term growth rate of the invader was positive, then the species 255 

with the minimum long-term growth rate was excluded and the coexistence condition was 256 

tested in the new resulting community. This process was repeated until the coexistence 257 

condition was satisfied. We relied on previous work (Tregonning and Roberts 1979; Wilson 258 

and Lundberg 2004) to assume that the iterative removal of species with negative growth 259 

rates provides a reasonable approximation of the equilibrium community.  260 

  We defined a simulation as each round starting from simulating the species pool to 261 

the assembling of 100 communities. So, each simulation has one singular species pool to 262 
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assemble 100 communities. A simulation thus ends with a set of 100 communities assembled 263 

under the same conditions.  264 

 265 

Community metrics 266 

To analyze the communities, we calculated species richness, beta diversity (Jaccard 267 

dissimilarity) and two metrics of species dispersion. Among species dispersion metrics, we 268 

used the standardized effect size of mean pairwise distances (SES.MPD) and that of the mean 269 

distance to the most similar species within communities (SES.MNTD , Webb 2000). We used 270 

the ‘taxa shuffle’ null model that randomizes 1,000 times the rows and columns of the species 271 

distance matrix. An additional metric of functional dispersion was also calculated. However 272 

this metric provided very similar results from SES.MNTD and SES.MPD, so we included 273 

these results in Appendix S3. 274 

As a first step, we ran 100 simulations, with 100 invasions in each community, for 275 

each combination of fitness and niche distributions (Fig. 2). In these simulations, we first 276 

applied the species dispersion metrics (SES.MNTD and SES.MPD) to each assembled 277 

community, but separately to fitness distances and niche distances. Next, we applied the 278 

dispersion metrics to a combined niche and fitness-based distance between species named 279 

'overall species distance' and defined as:  
 

                
                       

 
 

 
              

                     
, where 280 

maxima are over all species pairs in the species pool. Finally, to simulate studies gathering 281 

traits more related to niche or fitness differences among species (see Kraft et al. 2015), we 282 

modified the way we defined overall species distances as: 283 

 

   
                

                       
 

 

   
              

                     
, where maxima also are over all species pairs in 284 

the regional species pool and a and b are positive parameters. This simulation represents 285 

studies gathering different number of traits related to niche differences (larger values of b) 286 

and fitness differences (larger values of a), or also simulates studies where one singular trait 287 
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relates to both niche and fitness differences but with different weights (e.g. Godoy et al. 288 

2014; Kraft et al. 2015). In a second step, we varied the number of colonization events per 289 

community considering 30, 50, 100, 300 and then 500 colonization events.  290 

 291 

RESULTS 292 

When communities were assembled by 100 colonization events, we found a positive 293 

trend in species richness by increasing the niche differences (and versatility) and the fitness 294 

values at the species pool scale (Fig. 3a). Beta diversity was high on average, independently 295 

of niche differences and species fitness at the species pool scale (Fig. 3b).  296 

Considering the species dispersion metrics, when species distances were calculated 297 

using niche differences only, we found consistent overdispersion (Fig. 3c,d). With larger 298 

niche differences and higher fitness at the species pool scale, overdispersion tended to be 299 

more evident. When species distances were calculated using fitness differences only, we 300 

found clustering for most simulations (Fig. 3e,f). The exceptions were a tendency to 301 

randomness when mean species k were low at the species pool scale (Fig 3c first boxplots 302 

within each color) and when niche differences were high at the species pool scale for the 303 

SES.MNTD metric (Fig. 3e, yellow boxplots). When overall species distances were 304 

calculated, we found a strong tendency towards overdispersion using the SES.MNTD metric 305 

(Fig. 3g), especially when niche differences at the species pool scale were large (species 306 

where highly versatile) (Fig 3g yellow boxes). The only exception happened when the species 307 

pool had small ks values (Fig. 3g, first blue box).  308 

When using the SES.MPD metric, results were more variable: 1) overdispersion when 309 

species had large niche differences at the species pool (Fig. 3h, yellow boxes) or similarly 310 

high ks at the species pool (Fig. 3h, third boxes within each color); 2) a tendency to clustering 311 

when species ks had a U-shaped distribution (Fig. 2h, forth blue and red boxes); 3) random 312 
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patterns when species had low or medium k and/or niche differences at the species pool (Fig. 313 

3h, first and second blue and red boxes).   314 

When varying the weights of niche differences and fitness differences in species 315 

overall distance (i.e. varying the parameters a and b when calculating overall distances), we 316 

found that the weights strongly impacted dispersion metrics, independently of the species 317 

pool properties. For brevity, we only show the results when species have medium niche 318 

differences and medium ks values at the species pool scale. We found that SES.MNTD was 319 

overdispersed even when we gave more weight to fitness differences than niche differences 320 

(Fig. 4a). There was a tendency towards randomness and clustering when fitness differences 321 

were four to five times more important than niche differences (Fig. 4a). Using SES.MPD, we 322 

found random patterns when the weights of niche and fitness differences was the same, but 323 

clustering and overdispersion when there were more weights to fitness and niche differences, 324 

respectively (Fig. 4b). 325 

Varying the number of sequential colonization events led to the same general 326 

conclusions (Fig .5). For brevity, we only show the results obtained with medium niche 327 

differences and fitness values at the species pool scale. Community richness increased with 328 

more colonization events, but stabilized after some point (Fig. 5a). Beta diversity decreased 329 

with increasing colonization reaching very low levels after 300 and 500 colonization events 330 

(Fig. 5b). We found consistent niche overdispersion and fitness clustering (Fig. 5c,d,e,f). 331 

Using overall species distance we found overdispersion using SES.MNTD with a minimum 332 

of 50 colonization events and only randomness using SES.MPD (Fig. 5g,h). Overall, 333 

dispersion patterns became more evident with increasing number of colonization events.   334 

 335 

DISCUSSION 336 
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Community assembly studies have the ambitious aim of inferring processes by 337 

analyzing similarities in traits or in evolutionary history among species in a given community 338 

(Weiher and Keddy 1995; Webb 2000). We show, however, that such approaches can suffer 339 

from two types of Achilles' heels when linking patterns to processes. The first is when 340 

different processes result in the same pattern. We found that communities containing very 341 

similar species – a pattern used to infer environmental filtering (Weiher and Keddy 1995; 342 

Webb 2000) – can also be the result of competition alone (Mayfield and Levine 2010). The 343 

second is when one process leads to different patterns. We found that competition can result 344 

in communities containing very distinct species (i.e. an overdispersed pattern, as predicted by 345 

the traditional framework), but also in communities with clustered (as predicted by Mayfield 346 

and Levine 2010) and even random structure. These problems likely arise because we 347 

simulated communities with the inclusion of two scenarios rarely considered in previous 348 

studies: simultaneous competition among multiple competitors (e.g. Godoy et al. 2017) and 349 

species with different levels of versatility to exploit marginal resources. These results bring 350 

concerns to the use of the traditional community assembly approach, but enabled us to do a 351 

step forward in understanding recurrent patterns of communities in nature.  352 

Here, we introduced an extension of the pairwise theory of coexistence using a 353 

variation of the MacArthur’s consumer-resource model (Chesson 1990) that considers species 354 

versatility to determine the interaction strength among species. This new model differs in 355 

important points from the traditional view of competition (Fig. 1) but yield concordant 356 

patterns with previous inferences on the impacts of ecological versatility in community 357 

assembly. For example, species richness increased with species versatility in the community 358 

and in the species pool scale (Bellwood et al. 2006; Belmaker et al. 2012). Additionally, we 359 

found that versatility provides important niche differences and promotes coexistence when 360 

competitors from the pool are very strong (high fitness), as already suggested for empirical 361 
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communities (e.g. cichlids, Liem 1980). Overall, these concordances from theory and data 362 

emphasize the important role that versatility may play in the assembly of natural 363 

communities.  364 

Our findings indicate that empirical studies able to separate niche from fitness traits 365 

(e.g. Kraft et al. 2015) could have found species overdispersion if species distances reflected 366 

niche differences, but clustering if it reflected fitness differences. However, in the case traits 367 

impact both fitness and niche differences (Adler et al. 2013; Kraft et al. 2015), our results 368 

suggest that MPD metrics can also be random. Previous empirical studies indeed found 369 

clustering and overdispersion using different traits with an overall species clustering, but the 370 

interpretation relied on the opposing effects of environmental filtering and limiting similarity 371 

(e.g. Swenson and Enquist 2009). Here, we demonstrated how these same patterns can arise 372 

due to competition only, when fitness have a U-shaped distribution (Fig. 3h). The U-shaped 373 

distribution is the only bimodal distribution we used and it demonstrated to promote different 374 

patterns compared to when fitness has unimodal distributions. Empirically, traits with 375 

bimodal distribution are recurrent in nature (e.g. marine zooplankton and stream biotas with 376 

bimodal size distribution [Warwick and Clarke 1984; Poff et al. 1993]). So, as these patterns 377 

can be found in nature, it is likely that clustering in some traits (related to competitive ability) 378 

and overdispersion in others (related to species versatility) are also possible when 379 

competition rules the assembling. 380 

The distributions of niche and fitness differences in the species pool had pivotal 381 

effects in determining the level of species dispersion, especially in SES.MPD. With large 382 

niche differences in the species pool (i.e. species are highly versatile), overdispersion 383 

emerged consistently when using overall species distances. This is likely the result of a 384 

possible coexistence when most species have large niche differences, independently of their 385 

fitness differences (Chu and Adler 2015). A strong tendency towards overall overdispersion 386 
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also emerged with high fitness at the species pool scale. This contradicts the idea that 387 

communities dominated by strong competitors should have clustered patterns (Mayfield and 388 

Levine 2010), at least when species vary in their dependency for a common resource. 389 

Actually we found that, in these cases, species would tend to be high versatile to overcome 390 

possible large fitness disadvantages. In a more conservative case, when the species pool has 391 

medium fitness values and medium niche differences, overall distance was in most cases 392 

random (Figs. 2h and 4h). Given the commonness of a bell-shaped distribution of traits in 393 

nature (e.g. traits evolving under a Brownian motion commonly result in normal distributions 394 

around an ancestral trait value, Kraft et al. [2007]), it is not surprising that most studies to 395 

date have observed random patterns when analyzing mean distance-based metrics (82% 396 

according to a review by Götzenberger et al. [2012]). Thus, we support recent studies 397 

cautioning the inference of stochastic processes, e.g. random variation in birth and death 398 

rates, as the main processes governing communities with random dispersion patterns (Gallien 399 

2017).  400 

Besides the cautionary notes, we found one consistent result across most model 401 

variations: consistent overdispersion when using the SES.MNTD metric. This finding 402 

supports the importance of minimum niche differences between species in stable multispecies 403 

communities (Godoy et al. 2017). This is likely because a high ability to escape competition 404 

for a common resource will help overshadow the competitive differences with all other 405 

species (e.g. Liem 1980). After years of criticism (Mayfield and Levine, 2010; Adler et al. 406 

2013; Gallien 2017), we add new evidence that the signature of pairwise niche differences in 407 

communities assembled by multispecies competition is the same overdispersion hypothesized 408 

by Weiher and Keddy (1995), even when indirect effects due to multiple interactions could 409 

act to weaken such pattern (Godoy et al. 2017). It is also important to note that Godoy et al 410 

(2017) used a different model of competition (an annual plant species model, Godoy et al. 411 
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2014), but also found the similar pattern of overdispersion. This highlights the general 412 

importance of minimum niche differences even when considering competition in different 413 

ways.  414 

In this recent study, Godoy et al. (2017) also discussed the role of niche differences 415 

and intransitivity (rock-paper-scissor dynamic) in maintaining multispecies communities, 416 

explaining that both would give similar empirical signals of overdispersion. However, for 417 

intransitive competition to promote coexistence, species need to differ in their ability to 418 

compete for different resources, thus making possible that a superior competitor for resource 419 

A is worse when competing for resource B (Gallien et al. 2017). However, this scenario 420 

cannot arise in our model as competitive ability is a general characteristic, not related to each 421 

specific resource; i.e. we would never have a species with k=10 being outcompeted by a 422 

species with k=5. In our model, the coexistence of species with larger differences than 423 

expected at random is not related to possible intransitivity but specifically to stabilizing 424 

versatility in resources used. So, by using a model that isolates the role of niche differences, 425 

we are able to support the idea that intransitivity emerging from multispecies competition 426 

should not be pivotal for species coexistence in the absence of sufficient pairwise niche 427 

differences (Godoy et al. 2017).  428 

Finally, we must punctuate some limits of our approach. First, our model is an 429 

interaction chain, where a species A has an indirect effect on species C by also competing 430 

with the common competitor B. Another type of multispecies competition considers higher 431 

order interactions, where pairwise competition changes in the presence of a third competitor, 432 

so that the impact of A on B is different when in pairwise or in triplets. The distinction 433 

between interaction chains and higher-order interactions is determined by whether the 434 

indirect effect emerges from a change in competitor density (interaction chain) or a change in 435 

the per capita competitive effects (higher-order interaction). As we did not consider such 436 
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dynamics in our model, we cannot anticipate the impacts that these would have on the 437 

patterns we found (see Levine et al. 2017). Second, in our study, we did not explicitly include 438 

temporal or spatial variation mechanisms of coexistence. With more varying niche 439 

dimensions, it is possible that local differences in resource use became less important and 440 

thus local overdispersion may become weaker (Kraft et al. 2015). Third, our model is 441 

strongly deterministic, not including neutral population dynamics that could modify 442 

community patterns. Studies on these dynamics have shown that removing niche differences 443 

can have strong impacts on species coexistence. For example, D’Andrea and Ostling (2017) 444 

found that neutral cases can even harbor larger number of coexisting species than niche based 445 

scenarios, especially if the number of available niches is limited. So, a way forward would be 446 

to investigate how such dynamics would modify the patterns found here. 447 

Concluding, here we introduced a new model of competition where species versatility 448 

promotes niche differences. This model proved to be an interesting variation of the 449 

MacArthur’s consumer-resource model when species vary in their dependency for a 450 

commonly exploited resource. Competition in nature is complex and should happen, not only 451 

in both ways, but also in many other ways. Besides this high complexity, we found that 452 

overdispersion using nearest neighbor metrics was a recurrent pattern and thus could 453 

signalize a master role that competition plays during community assembly. After some years 454 

of debate, our model and results highlight the role of species versatility and niche differences 455 

and bring new perspectives for those aiming to infer the role of competition in molding 456 

community patterns.  457 
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Figures legends 562 

Figure 1. The differences between MacArthur’s consumer-resource model and our new 563 

model with ecological versatility. (A) In MacArthur’s model, species have trait differences 564 

that make their interactions less intense, given that competition happens for a linear array of 565 

resources and each species is able to consume part of this array. (B) In nature, this would be 566 

the case when, for example, birds have different beak sizes and each size enables the 567 

consumption of a range of seed sizes. So, differences in beak sizes always decrease the 568 

interaction strength. (C) In our model, species also have traits that enable them to consume 569 

part of the array of resources, but all species can consume one common resource. (D) This 570 

would be the case when all species of birds can eat a common seed or insect, but not all 571 

species are dependent on these items. Some species have a more distinct beak morphology 572 

that enables them to also eat other items. In this case, the interaction strength and thus niche 573 

overlap are determined by how much a species depends on this common resource.  574 

 575 

Figure 2. Typical distributions used for k and θ parameters using beta distributions. The ks 576 

relate to species fitness and θs relate to species interaction strength. Using the simulated 577 

species we calculated fitness-based distances between any two species i and j as           and 578 

niche-based distances as 1-    . (a) A positive skewed distribution of ks with most species 579 

having low fitness. (b) A U-shaped distribution of ks with most species having low or high 580 

fitness and few species having medium fitness. (c) A for bell-shaped distribution of ks with 581 

most species having medium fitness. (d) A negative skewed distribution of ks with most 582 

species having high fitness. (e) A negative skewed distribution of θis resulting in most species 583 

having low niche differences between them. (f) A bell-shaped distributions of θis resulting in 584 

most species having medium niche differences between them. (g) A uniform distribution of 585 

θis resulting in most of species having high niche differences between them. 586 
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 587 

Figure 3. Variation in species richness, Jaccard dissimilarity and species dispersion metrics 588 

when simulating community assembly using different species pools. Blue boxplots are results 589 

for species pools with average low niche differences, red boxplots for medium niche 590 

differences and yellow for high niche differences. Within each color, the first boxplot is when 591 

species have low fitness at the species pool scale, the second when species have medium 592 

fitness values, the third when species have high fitness values and the forth when species 593 

have a U-shaped distribution. We first applied indices SES-MNTD and SES-MPD separately 594 

to niche distances and fitness distances between species and then to the overall functional 595 

distances which combines niche and fitness as defined in the main text. 596 

 597 

Figure 4. Result of species dispersion metrics when species distance is calculated using 598 

different weights for niche and fitness differences. Community assembly was performed 599 

using a species pool with medium niche differences and medium fitness values at the species 600 

pool scale. 601 

 602 

Figure 5. Results of richness, Jaccard dissimilarity and species dispersion metrics when we 603 

varied the number of sequential colonization events during community assembly. Community 604 

assembly was performed using a species pool with medium niche differences and fitness 605 

values at the species pool scale. We first applied indices SES-MNTD and SES-MPD 606 

separately to niche distances and fitness distances between species and then to the overall 607 

functional distances which combines niche and fitness as defined in the main text. 608 

 609 

 610 

 611 
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Figures 612 
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 696 

 697 

 698 

Appendix S1 Manual to use functions of community assembly included in DataS1  699 
 700 
 701 
## Usage 702 
 703 
scenario_1_multispecies(a, t1, t2, f1, f2, nsim, tol=1e-8) 704 

scenario_2_multispecies(a, t1, t2, f1, f2, nsim, tol=1e-8) 705 

scenario_3_multispecies(nsim, t1, t2, f1, f2, tol=1e-8) 706 

 707 

 a is the number of invasions (a numeric, integer);  708 

 nsim is the number of times the simulations are repeated: from the definition of the species 709 
pool to the calculation of the indices SES-MPD and SES-MNTD (a numeric, integer); 710 

 t1, t2, f1, f2, are the parameters, bounded between 0 and 1, and used for beta distribution. t1 711 
and t2 are respectively the α and β parameters of the beta distribution used for θi's values. f1 and f2 712 

are respectively the α and β parameters of the beta distribution used for    's values. We considered 713 

various distributions for     s and θi's values as indicated in the main text.. 714 

 tol is a tolerance threshold for null values: a value lower than tol is considered as null (a 715 
numeric) 716 
 717 
Value 718 
In function scenario_1_multispecies we varied the relative weight given to niche versus fitness traits in 719 
overall functional distances when calculating SES.MNTD and SES.MNTD (Figure 3 of the main text). 720 
In function scenario_2_multispecies we calculated all diversity indices for a fixed number of 721 
colonization events: richness; beta diversity; and SES.MNTD and SES.MNTD, applied to niche 722 
distances, fitness distances and overall functional distances with even weight given to niche versus 723 
fitness traits (Figure 2 of the main text). In function scenario_3_multispecies we also calculated all 724 
diversity indices but varying the number of colonization events (Figure 4 of the main text). 725 
All functions end up with a list. Each value of the list contains the result of a simulation, where 726 
simulation means that a pool of species has been obtained, 100 communities have been obtained by 727 
colonization from the species pool as described in the main text and metrics have been calculated on 728 
each community (species richness, beta diversity, and SES MNTD, SES MPD using niche traits, 729 
fitness or both) and averaged over the 100 communities. A simulation thus corresponds to a particular 730 
species pool. 731 
All functions calculate all metrics (species richness, beta diversity, and SES MNTD, SES MPD using 732 
niche traits, fitness or both) except scenario_1_multispecies where only SES MNTD, SES MPD on 733 
both niche and fitness are calculated. 734 
When calculating averaged SES MNTD and averaged SES MPD over the 100 simulated 735 
communities, communities, if any, with a single species were discarded. 736 
 737 
Example of applications (to obtain similar figures as in the main text) 738 
Comments are in bold letters following #. 739 
 740 
## Scenario 1 741 
 742 
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# Example of application with a distribution beta(10, 5) for θi's values and beta(2,2) for     s. 743 
This corresponds to bell-shaped distributions for interaction strength and for fitness. 744 
scenario_1_res_10_5_2_2 <-  scenario_1_multispecies(a=100, 10,5,2,2, 745 
nsim=100) 746 
 747 
# The result of the first simulation scheme (from the definition of a unique species pool to the 748 
simulations of the 100 communities) can be obtained with the following instruction: 749 
scenario_1_res_10_5_2_2[[1]] 750 
$SES.MNTD 751 
niche1.fitness5 niche1.fitness4 niche1.fitness3 niche1.fitness2  752 
     -1.0992815      -0.9177786      -0.6943723      -0.1880420  753 
niche1.fitness1 niche2.fitness1 niche3.fitness1 niche4.fitness1  754 
      0.4595798       0.8757695       1.0033666       1.1138923  755 
niche5.fitness1  756 
      1.2033374  757 
 758 
$SES.MPD 759 
niche1.fitness5 niche1.fitness4 niche1.fitness3 niche1.fitness2  760 
     -2.0664446      -1.9937556      -1.8735802      -1.4928701  761 
niche1.fitness1 niche2.fitness1 niche3.fitness1 niche4.fitness1  762 
     -0.7268908       0.2662877       0.7062460       0.9866080  763 
niche5.fitness1  764 
      1.1153460 765 
 766 
# scenario_1_res_10_5_2_2[[1]] thus is a list of two vectors: the first one for metric MNTD, the 767 
second one for metric MPD. In each of the vector, the first value is the average metric value 768 
(either SES MNTD or SES MPD) over the 100 simulated communities when the fitness was 769 
given 5 times more weight than niche when calculating functional dissimilarities among 770 
species; the second value is the average metric value (either SES MNTD or SES MPD) over the 771 
100 simulated communities when the fitness was given 4 times more weight than niche when 772 
calculating functional dissimilarities among species, etc. "niche4.fitness1" thus for example 773 
means 4 times more weight to niche than to fitness. 774 
 775 
# scenario_1_res_10_5_2_2[[i]] and scenario_1_res_10_5_2_2[[j]] for any i different from j 776 
correspond to distinct species pools. 777 
 778 
# The following scripts led to Figure 4 of the main text 779 
 780 
scenario_1_SES.MNTD_niche1.fitness5 <- 781 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 782 
x$SES.MNTD["niche1.fitness5"])) 783 
scenario_1_SES.MNTD_niche1.fitness4 <- 784 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 785 
x$SES.MNTD["niche1.fitness4"])) 786 
scenario_1_SES.MNTD_niche1.fitness3 <- 787 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 788 
x$SES.MNTD["niche1.fitness3"])) 789 
scenario_1_SES.MNTD_niche1.fitness2 <- 790 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 791 
x$SES.MNTD["niche1.fitness2"])) 792 
scenario_1_SES.MNTD_niche1.fitness1 <- 793 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 794 
x$SES.MNTD["niche1.fitness1"])) 795 
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scenario_1_SES.MNTD_niche2.fitness1 <- 796 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 797 
x$SES.MNTD["niche2.fitness1"])) 798 
scenario_1_SES.MNTD_niche3.fitness1 <- 799 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 800 
x$SES.MNTD["niche3.fitness1"])) 801 
scenario_1_SES.MNTD_niche4.fitness1 <- 802 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 803 
x$SES.MNTD["niche4.fitness1"])) 804 
scenario_1_SES.MNTD_niche5.fitness1 <- 805 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 806 
x$SES.MNTD["niche5.fitness1"])) 807 
 808 
scenario_1_MNTD <- list(scenario_1_SES.MNTD_niche1.fitness5, 809 
scenario_1_SES.MNTD_niche1.fitness4, scenario_1_SES.MNTD_niche1.fitness3, 810 
scenario_1_SES.MNTD_niche1.fitness2, scenario_1_SES.MNTD_niche1.fitness1, 811 
scenario_1_SES.MNTD_niche2.fitness1, scenario_1_SES.MNTD_niche3.fitness1, 812 
scenario_1_SES.MNTD_niche4.fitness1, scenario_1_SES.MNTD_niche5.fitness1) 813 
 814 
 815 
scenario_1_SES.MPD_niche1.fitness5 <- 816 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 817 
x$SES.MPD["niche1.fitness5"])) 818 
scenario_1_SES.MPD_niche1.fitness4 <- 819 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 820 
x$SES.MPD["niche1.fitness4"])) 821 
scenario_1_SES.MPD_niche1.fitness3 <- 822 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 823 
x$SES.MPD["niche1.fitness3"])) 824 
scenario_1_SES.MPD_niche1.fitness2 <- 825 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 826 
x$SES.MPD["niche1.fitness2"])) 827 
scenario_1_SES.MPD_niche1.fitness1 <- 828 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 829 
x$SES.MPD["niche1.fitness1"])) 830 
scenario_1_SES.MPD_niche2.fitness1 <- 831 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 832 
x$SES.MPD["niche2.fitness1"])) 833 
scenario_1_SES.MPD_niche3.fitness1 <- 834 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 835 
x$SES.MPD["niche3.fitness1"])) 836 
scenario_1_SES.MPD_niche4.fitness1 <- 837 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 838 
x$SES.MPD["niche4.fitness1"])) 839 
scenario_1_SES.MPD_niche5.fitness1 <- 840 
unlist(lapply(scenario_1_res_10_5_2_2, function(x) 841 
x$SES.MPD["niche5.fitness1"])) 842 
 843 
scenario_1_MPD <- list(scenario_1_SES.MPD_niche1.fitness5, 844 
scenario_1_SES.MPD_niche1.fitness4, scenario_1_SES.MPD_niche1.fitness3, 845 
scenario_1_SES.MPD_niche1.fitness2, scenario_1_SES.MPD_niche1.fitness1, 846 
scenario_1_SES.MPD_niche2.fitness1, scenario_1_SES.MPD_niche3.fitness1, 847 
scenario_1_SES.MPD_niche4.fitness1, scenario_1_SES.MPD_niche5.fitness1) 848 
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 849 
par(mfrow=c(2,1)) 850 
boxplot(scenario_1_MNTD, ylim=c(-8,8), ylab="SES.MNTD", xlab="Nb of 851 
fitness:niche traits", 852 
names=c("5:1","4:1","3:1","2:1","1:1","1:2","1:3","1:4","1:5")) 853 
abline(h=0) 854 
 855 
boxplot(scenario_1_MPD, ylim=c(-8,8), ylab="SES.MPD", xlab="Nb of 856 
fitness:niche traits", 857 
names=c("5:1","4:1","3:1","2:1","1:1","1:2","1:3","1:4","1:5")) 858 
abline(h=0) 859 

 860 

 861 

Duplication of Figure 4 of the main text. Result of species dispersion metrics when species 862 

distance is calculated using different weights for niche and fitness differences. Community 863 

assembly was performed using a species pool with medium niche differences and medium 864 

fitness values at the species pool scale. 865 

 866 
 867 
## Scenario 2 868 
 869 
# We considered 3 sets of parameters for the beta distributions of the θi's values and and 4 for 870 

the beta distributions of the      s as specified in the main text.  871 
 872 
scenario_2_res_10_1_1_5 <-  scenario_2_multispecies(a=100, 10,1,1,5, 873 
nsim=100) 874 

Weights of fitness:niche 
distances in overall 
species distance 
calculation 
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scenario_2_res_10_1_05_05 <-  scenario_2_multispecies(a=100, 10,1,0.5,0.5, 875 
nsim=100) 876 
scenario_2_res_10_1_2_2 <-  scenario_2_multispecies(a=100, 10,1,2,2, 877 
nsim=100) 878 
scenario_2_res_10_1_5_1 <-  scenario_2_multispecies(a=100, 10,1,5,1, 879 
nsim=100) 880 
 881 
 882 
scenario_2_res_10_5_1_5 <-  scenario_2_multispecies(a=100, 10,5,1,5, 883 
nsim=100) 884 
scenario_2_res_10_5_05_05 <-  scenario_2_multispecies(a=100, 10,5,0.5,0.5, 885 
nsim=100) 886 
scenario_2_res_10_5_2_2 <-  scenario_2_multispecies(a=100, 10,5,2,2, 887 
nsim=100) 888 
scenario_2_res_10_5_5_1 <-  scenario_2_multispecies(a=100, 10,5,5,1, 889 
nsim=100) 890 
 891 
scenario_2_res_1_1_1_5 <-  scenario_2_multispecies(a=100, 1,1,1,5, 892 
nsim=100) 893 
scenario_2_res_1_1_05_05 <-  scenario_2_multispecies(a=100, 1,1,0.5,0.5, 894 
nsim=100) 895 
scenario_2_res_1_1_2_2 <-  scenario_2_multispecies(a=100, 1,1,2,2, 896 
nsim=100) 897 
scenario_2_res_1_1_5_1 <-  scenario_2_multispecies(a=100, 1,1,5,1, 898 
nsim=100) 899 
 900 

# For example,  with a distribution beta(10, 5) for θi's values and beta(2,2) for     s, the result of 901 
the first simulation schemes (from the definition of a unique species pool to the simulations of 902 
the 100 communities, with 100% of niche range)  can be obtained with the following 903 
instruction: 904 
 905 
scenario_2_res_10_5_2_2[[1]] 906 
       richness            beta   SES.MNTDniche    SES.MPDniche SES.MNTDfitness  907 
     13.2400000       0.5992819       2.2651896       2.7483701      -1.3339585  908 
 SES.MPDfitness SES.MNTDoverall  SES.MPDoverall  909 
     -1.9873402       2.4475813       0.5512119 910 
 911 
# scenario_2_res_10_5_2_2[[1]] is thus a vector of eight values: the first gives the average 912 
richness in the 100 simulated communities, the second one the average beta diversity among 913 
the 100 communities (pairwise Jaccard dissimilarity), then the other values provide indices 914 
SES MNTD and SES MPD as specified calculated with the niche trait, the fitness or both. For 915 
example, "SES.MPDoverall" gives the SES MPD value applied to both niche and fitness and 916 
averaged over the 100 simulated communities, while "SES.MNTDniche" gives the SES MNTD 917 
value applied to niche only and averaged over the 100 simulated communities.  918 
 919 
# scenario_2_res_10_5_2_2 [[i]] and scenario_2_res_10_5_2_2 [[j]] for any i different from j 920 
correspond to distinct species pools. 921 
 922 
# The following scripts led to Figure 3 of the main text 923 
 924 
vecD =c("10_1_1_5", "10_1_05_05", "10_1_2_2", "10_1_5_1", 925 
"10_5_1_5", "10_5_05_05","10_5_2_2", "10_5_5_1",   926 
"1_1_1_5", "1_1_05_05", "1_1_2_2", "1_1_5_1") 927 
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 928 
scenario_2_res <- list( 929 
scenario_2_res_10_1_1_5,scenario_2_res_10_1_05_05, 930 
scenario_2_res_10_1_2_2,scenario_2_res_10_1_5_1, 931 
scenario_2_res_10_5_1_5, scenario_2_res_10_5_05_05, 932 
scenario_2_res_10_5_2_2,scenario_2_res_10_5_5_1,   933 
scenario_2_res_1_1_1_5, scenario_2_res_1_1_05_05, scenario_2_res_1_1_2_2, 934 
scenario_2_res_1_1_5_1) 935 

 936 
scenario_2_MNTDniche <- lapply(scenario_2_res, function(v) 937 
as.vector(unlist(lapply(v, function(x) x["SES.MNTDniche"])))) 938 
 939 
scenario_2_MNTDfitness <- lapply(scenario_2_res, function(v) 940 
as.vector(unlist(lapply(v, function(x) x["SES.MNTDfitness"])))) 941 
 942 
scenario_2_MNTDoverall <- lapply(scenario_2_res, function(v) 943 
as.vector(unlist(lapply(v, function(x) x["SES.MNTDoverall"])))) 944 
 945 
scenario_2_MPDniche <- lapply(scenario_2_res, function(v) 946 
as.vector(unlist(lapply(v, function(x) x["SES.MPDniche"])))) 947 
 948 
scenario_2_MPDfitness <- lapply(scenario_2_res, function(v) 949 
as.vector(unlist(lapply(v, function(x) x["SES.MPDfitness"])))) 950 
 951 
scenario_2_MPDoverall <- lapply(scenario_2_res, function(v) 952 
as.vector(unlist(lapply(v, function(x) x["SES.MPDoverall"])))) 953 
 954 
scenario_2_richness <- lapply(scenario_2_res, function(v) 955 
as.vector(unlist(lapply(v, function(x) x["richness"])))) 956 
 957 
scenario_2_beta <- lapply(scenario_2_res, function(v) 958 
as.vector(unlist(lapply(v, function(x) x["beta"])))) 959 
 960 
par(mfrow=c(2,4)) 961 
boxplot(scenario_2_richness, ylim=c(0,100), names=vecD, las=3,  962 
ylab="Richness", col=c(rep("blue", 4), rep("red", 4), rep("yellow", 4))) 963 
boxplot(scenario_2_beta, ylim=c(0,1), names=vecD, las=3,  ylab="Beta 964 
diversity", col=c(rep("blue", 4), rep("red", 4), rep("yellow", 4))) 965 
boxplot(scenario_2_MNTDniche, ylim=c(-10,10), names=vecD, las=3,  966 
ylab="SES.MNTD niche distance", col=c(rep("blue", 4), rep("red", 4), 967 
rep("yellow", 4))) 968 
abline(h=0) 969 
boxplot(scenario_2_MPDniche, ylim=c(-10,10), names=vecD, las=3,  970 
ylab="SES.MPD niche distance", col=c(rep("blue", 4), rep("red", 4), 971 
rep("yellow", 4))) 972 
abline(h=0) 973 
boxplot(scenario_2_MNTDfitness, ylim=c(-10,10), names=vecD, las=3,  974 
ylab="SES.MNTD fitness distance", col=c(rep("blue", 4), rep("red", 4), 975 
rep("yellow", 4))) 976 
abline(h=0) 977 
boxplot(scenario_2_MPDfitness, ylim=c(-10,10), names=vecD, las=3,  978 
ylab="SES.MPD fitness distance", col=c(rep("blue", 4), rep("red", 4), 979 
rep("yellow", 4))) 980 
abline(h=0) 981 
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boxplot(scenario_2_MNTDoverall, ylim=c(-10,10), names=vecD, las=3,  982 
ylab="SES.MNTD overall distance", col=c(rep("blue", 4), rep("red", 4), 983 
rep("yellow", 4))) 984 
abline(h=0) 985 
boxplot(scenario_2_MPDoverall, ylim=c(-10,10), names=vecD, las=3,  986 
ylab="SES.MPD overall distance", col=c(rep("blue", 4), rep("red", 4), 987 
rep("yellow", 4))) 988 
abline(h=0) 989 
 990 

 991 

Duplication of Figure 3 of the main text. Variation in species richness, Jaccard dissimilarity 992 

and species dispersion metrics when simulating community assembly using different species 993 

pools. Blue boxplots are results for species pools with average low niche differences, red 994 

boxplots for medium niche differences and yellow for high niche differences. Within each 995 

color, the first boxplot is when species have low fitness at the species pool scale, the second 996 

when species have medium fitness values, the third when species have high fitness values and 997 

the forth when species have a U-shaped distribution. We first applied indices SES-MNTD 998 

and SES-MPD separately to niche distances and fitness distances between species and then to 999 

the overall functional distances which combines niche and fitness as defined in the main text. 1000 

Legend: 1001 

Blue= Niche differences are high 1002 

Red=Niche differences are medium 1003 

Yellow=Niche differences are low 1004 
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For a given color, left=positive skewed fitness values (most species have low fitness, a few species 1005 

have high fitness); middle left=U shaped distributed fitness values (many low and high fitness, less 1006 

medium fitness values); middle left=Bell-shaped distributed fitness values (many medium fitness 1007 

values); right=negative skewed fitness values (most species have high fitness, a few species have low 1008 

fitness); 1009 

## Scenario 3 1010 
 1011 

# Example of application with a distribution beta(10, 5) for θi's values and beta(2,2) for     s. 1012 
This corresponds to bell-shaped distributions for interaction strength and for fitness. 1013 
 1014 
scenario_3_res_10_5_2_2 <-  scenario_3_multispecies(nsim=100, 10,5,2,2) 1015 

 1016 
# The result of the first simulation can be obtained with the following instruction: 1017 
 1018 
scenario_3_res_10_5_2_2[[1]] 1019 
$richness 1020 
   10    50   100   300   500  1021 
 4.46 10.43 12.87 14.74 14.91  1022 
 1023 
$beta 1024 
        10         50        100        300        500  1025 
0.95226597 0.77407196 0.57021583 0.11711865 0.02511381  1026 
 1027 
$SES.MNTDniche 1028 
       10        50       100       300       500  1029 
0.3396579 1.4632582 2.4961132 3.8562099 3.6711381  1030 
 1031 
$SES.MPDniche 1032 
       10        50       100       300       500  1033 
0.4070142 1.6855537 2.5470740 3.0385411 3.1551790  1034 
 1035 
$SES.MNTDfitness 1036 
       10        50       100       300       500  1037 
-1.007009 -1.894202 -2.162191 -2.399947 -2.419053  1038 
 1039 
$SES.MPDfitness 1040 
       10        50       100       300       500  1041 
-1.289755 -2.456777 -2.815547 -3.365079 -3.337911  1042 
 1043 
$SES.MNTDoverall 1044 
        10         50        100        300        500  1045 
-0.4096832  0.9330254  1.9980024  2.7822315  2.6177442  1046 
 1047 
$SES.MPDoverall 1048 
        10         50        100        300        500  1049 
-0.7978737 -0.8030256 -0.4172586 -0.4110750 -0.5757312 1050 
 1051 
# scenario_3_res_10_5_2_2[[1]] is thus a list of eight vectors: the first gives the average 1052 
richness in the 100 simulated communities, the second one the average beta diversity among 1053 
the 100 communities (pairwise Jaccard dissimilarity), then the other vectors provide indices 1054 
SES MNTD and SES MPD as specified calculated with the niche trait, the fitness or both. For 1055 
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example, $SES.MPDoverall gives the SES MPD value applied to both niche and fitness and 1056 
averaged over the 100 simulated communities, while $SES.MNTDniche gives the SES MNTD 1057 
value applied to niche only and averaged over the 100 simulated communities. The names 1058 
attributed above each value of a vector indicate the numbers of colonization events used in 1059 
the model.  1060 
 1061 
# scenario_3_res_10_5_2_2 [[i]] and scenario_3_res_10_5_2_2 [[j]] for any i different from j 1062 
correspond to distinct species pools. 1063 
 1064 
# The following scripts led to Figure 5 of the main text 1065 
 1066 
vecC = as.character(c(10, 50, 100, 300, 500)) 1067 
 1068 
scenario_3_MNTDniche_10_5_2_2 <- lapply(vecC, function(v) 1069 
unlist(lapply(scenario_3_res_10_5_2_2, function(x) 1070 
x$SES.MNTDniche[v]))) 1071 
 1072 
scenario_3_MNTDfitness_10_5_2_2 <- lapply(vecC, function(v) 1073 
unlist(lapply(scenario_3_res_10_5_2_2, function(x) 1074 
x$SES.MNTDfitness[v]))) 1075 
 1076 
scenario_3_MNTDoverall_10_5_2_2 <- lapply(vecC, function(v) 1077 
unlist(lapply(scenario_3_res_10_5_2_2, function(x) 1078 
x$SES.MNTDoverall[v]))) 1079 
 1080 
scenario_3_MPDniche_10_5_2_2 <- lapply(vecC, function(v) 1081 
unlist(lapply(scenario_3_res_10_5_2_2, function(x) 1082 
x$SES.MPDniche[v]))) 1083 
 1084 
scenario_3_MPDfitness_10_5_2_2 <- lapply(vecC, function(v) 1085 
unlist(lapply(scenario_3_res_10_5_2_2, function(x) 1086 
x$SES.MPDfitness[v]))) 1087 
 1088 
scenario_3_MPDoverall_10_5_2_2 <- lapply(vecC, function(v) 1089 
unlist(lapply(scenario_3_res_10_5_2_2, function(x) 1090 
x$SES.MPDoverall[v]))) 1091 
 1092 
scenario_3_richness_10_5_2_2 <- lapply(vecC, function(v) 1093 
unlist(lapply(scenario_3_res_10_5_2_2, function(x) x$richness[v]))) 1094 
 1095 
scenario_3_beta_10_5_2_2  <- lapply(vecC, function(v) 1096 
unlist(lapply(scenario_3_res_10_5_2_2, function(x) x$beta[v]))) 1097 
 1098 
 1099 
 1100 
par(mfrow=c(2,4)) 1101 
boxplot(scenario_3_richness_10_5_2_2, ylim=c(0,100), names=vecC, 1102 
las=3, xlab="Colonization intensity", ylab="Richness") 1103 
boxplot(scenario_3_beta_10_5_2_2, ylim=c(0,1), names=vecC, las=3, 1104 
xlab="Colonization intensity", ylab="Beta diversity") 1105 
boxplot(scenario_3_MNTDniche_10_5_2_2, ylim=c(-9,9), names=vecC, 1106 
las=3, xlab="Colonization intensity", ylab="SES.MNTD niche distance") 1107 
abline(h=0) 1108 
boxplot(scenario_3_MPDniche_10_5_2_2, ylim=c(-9,9), names=vecC, las=3, 1109 
xlab="Colonization intensity", ylab="SES.MPD niche distance") 1110 
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abline(h=0) 1111 
boxplot(scenario_3_MNTDfitness_10_5_2_2, ylim=c(-9,9), names=vecC, 1112 
las=3, xlab="Colonization intensity", ylab="SES.MNTD fitness distance") 1113 
abline(h=0) 1114 
boxplot(scenario_3_MPDfitness_10_5_2_2, ylim=c(-9,9), names=vecC, 1115 
las=3, xlab="Colonization intensity", ylab="SES.MPD fitness distance") 1116 
abline(h=0) 1117 
boxplot(scenario_3_MNTDoverall_10_5_2_2, ylim=c(-9,9), names=vecC, 1118 
las=3, xlab="Colonization intensity", ylab="SES.MNTD overall distance") 1119 
abline(h=0) 1120 
boxplot(scenario_3_MPDoverall_10_5_2_2, ylim=c(-9,9), names=vecC, 1121 
las=3, xlab="Colonization intensity", ylab="SES.MPD overall distance") 1122 
abline(h=0) 1123 
 1124 

 1125 

Duplication of figure 5 of the main text. Results of richness, Jaccard dissimilarity and 1126 

species dispersion metrics when we varied the number of sequential colonization events 1127 

during community assembly. Community assembly was performed using a species pool with 1128 

medium niche differences and fitness values at the species pool scale. We first applied 1129 

indices SES-MNTD and SES-MPD separately to niche distances and fitness distances 1130 

between species and then to the overall functional distances which combines niche and 1131 

fitness as defined in the main text. 1132 

 1133 

 1134 

 1135 

 1136 
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 1137 

 1138 

 1139 

 1140 

 1141 

Appendix S2 Deriving an equalizing/stabilizing additive decomposition in a multi-1142 

species competition model starting with consumer-resource model (MacArthur 1970) 1143 

In this appendix, we first provide the detailed demonstration of the method used in the 1144 

main text. Second, we justify the form of the interaction coefficients which is considered 1145 

in the model by relating it with a general resource competition model. 1146 

Deriving the low-density long term growth rate and its stabilizing and equalizing 1147 

components in a multispecies competition model with interaction coefficients such as 1148 

         1149 

For our study, we searched a reference model that respects Chesson's (2000) following 1150 

approximation to the long-term low-density growth rate (equation 4 in Chesson 2000): 1151 

          
      

   
    

     

   
   1152 

where n is the number of species in the system, the ks are measures of fitness of individual 1153 

species,                is the average fitness of the competitors of i,   is a measure of 1154 

niche overlap, and D is a positive constant. This equation is composed of an equalizing term 1155 

      
      

   
  

and a stabilizing term  1156 

  
     

   
 . 1157 

 1158 

We started from the resource consumption model (equations 1 and 2 in Chesson 1990): 1159 

 

 

  

   

  
            

 
       

 

  

   

  
      

  

  
        

 
   

                                                                                                (Eq. 1160 

S1) 1161 
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where i is a consumer species; Xi is population density; Rl is the density of food resource l;  wl 1162 

is the value of one unit of resource l to the consumer; cil is the rate at which consumer  1163 

species i captures resource 1 per unit abundance of resource 1; mi is the total value of 1164 

resource that must be harvested per capita for the growth rate to be exactly 0; bi is a factor 1165 

converting the resource excess into the per capita growth rate; rl is the growth rate and Kl the 1166 

carrying capacity for resource l. 1167 

Assuming a separation of time scales between resource and consumer dynamics, one obtains 1168 

the quasi-static equilibrium of resources: 1169 

         
 

  
         
 
                                                                                           (Eq. 1170 

S2) 1171 

Introducing (Eq. S2) in the consumer dynamics presented in (Eq. S1) yields: 1172 

 

  

   

  
            

 
               

    

  
  

 
   

 
                                                  (Eq. S3) 1173 

(Eq. S3) can be written using vectors (in bold letters) and matrices (in bold capital letters) as 1174 

follows: 1175 

 

  

   

  
                   

  
    

          

       
 
                                             (Eq. S4) 1176 

where   is a diagonal matrix such as      
    

  
 and       is the corresponding Euclidean 1177 

norm. Then, we can define the “standardized density”              so that (Eq. S4) yields: 1178 

 

   

    

  
                 

 
                                                                                                (Eq. 1179 

S5) 1180 

where we have defined the standardized parameters: 1181 

             1182 
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 1184 

Importantly,        and the Cauchy-Schwartz inequality ensures that        when    . 1185 

Consider species   at low density, and assume that the     other species can coexist. Then 1186 

all the other species     harboring their equilibrium density      (second subscript “ ” 1187 

meaning “in the absence of species  ”). Then the long-term growth rate at low density of 1188 

species  ,    , is obtained by neglecting     and setting the    s to     s in (Eq. S5): 1189 

                     
 
   
   

                                                                                                 (Eq. 1190 

S6) 1191 

Note that this is reminiscent of equation (58) of Chesson (1994), but in a standardized 1192 

formulation of the system. 1193 



 

43 
 

We now consider     species in competition. We define    the matrix of standardized 1194 

interaction coefficients among species (         ). Then for any pair of species    , taking 1195 

the equilibrium of   in the     species system where   is absent in equation (Eq. S5) yields: 1196 

                                                                                                                             (Eq. S7) 1197 

where we use the convention that       , we define          and   a diagonal matrix with 1198 

unknown coefficients. (Eq. S7) implies that: 1199 

                                                                                                                          (Eq. 1200 

S8) 1201 

Without making any assumptions on the coefficients of   , combining (Eq. S6) and (Eq. S7) 1202 
yields: 1203 

                                                                                                                                  (Eq. 1204 
S9) 1205 

    can be computed by considering the       coefficient in (Eq. S8) and using that       : 1206 

       
        

  

      
  

                                                                                                            (Eq. 1207 

S10) 1208 

Using (Eq. S10) in (Eq. S9) yields: 1209 

       
        

  

      
  

          
      

  

      
  

   
 
   
   

                                                                     (Eq. S11) 1210 

We now consider a broader class of interaction matrices with the following form: 1211 

                                                                                                                        (Eq. 1212 

S12) 1213 

where: 1214 

-                is a vector of positive real numbers such as for all  ,     ; 1215 

-   is a diagonal matrix such as         
 
 for all  . 1216 

(Eq. S12) implies that            for all    . We develop in the next section how such 1217 

interaction matrices naturally emerge from competition for resources among species. 1218 

If    verifies (Eq. S12) then: 1219 

        
      

     
   
                                                                                                  (Eq. 1220 

S13) 1221 

Using (Eq. S13) in (Eq. S11) yields: 1222 
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                                                                        (Eq. S14) 1225 

We now seek to decompose equation (Eq. S14) in stabilizing and equalizing terms as in 1226 

Chesson's (2000) framework. To find the stabilizing term, we first looked at the long-term 1227 

growth rate at low density when all the species have the same fitness   . In this case, only the 1228 
stabilizing should act on coexistence. When all the fitnesses are equal, (Eq. S14) becomes: 1229 

            

   
  

    
 

 
   
   

   
  
 

    
 

 
   
   

                                                                                            (Eq. S15) 1230 

We now search for the corresponding equalizing term in an additive decomposition as in 1231 

Chesson's (2000) framework (Eq. 1 above). Starting from (Eq. S14), we obtained the 1232 

following final expression for the long-term growth rate of a species: 1233 
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where  1235 

    

 
  

    
  
 
 

 
   
   

 
  

    
 

 
   
   

  1236 

   

   
  

    
 

 
   
   

   
  
 

    
 

 
   
   

  1237 

We thus retrieve in (Eq. S16) a stabilizing term with a form consistent with Chesson (2000; 1238 

equation (4)). Note that changing    affects    but not    , which is a desirable property of the 1239 
equalizing/stabilizing decomposition. The main difference with Chesson's (2000) framework 1240 

is that the     is not a simple arithmetic mean of the fitnesses but also has to include some 1241 

interaction effects of other species. Changing interactions among species thus changes the    s 1242 
even of fitnesses are maintained constant.  1243 
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Making explicit the resource competition model underpinning the choice          1244 

We note                1245 

In any resource competition multispecies model,   , the consumption vectors of species   can 1246 
be written as follows: 1247 

                                                                                                                         (Eq. S17) 1248 

Where   is a component of the consumption vector which is shared among all the species and 1249 

   is a component of the consumption vector which is specific to species  . (Eq. S17) implies 1250 
that the interaction coefficients verify: 1251 

     
  
    

          
 

       
      

      
    

          
                                                              (Eq. 1252 

S18) 1253 

(Eq. S18) implies that choosing the   s such as: 1254 

for all  ,   
                                                                                                         (Eq. 1255 

S19a) 1256 

for all    ,   
                                                                                                 (Eq. 1257 

S19b) 1258 

yields: 1259 
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where    
    

     
 

    

     
 
      

 
  . (Eq. S20) is the form of interaction coefficients we 1261 

chose in our model. 1262 

A family of vectors    verifying (Eq. S19a,b) always exists as long as the dimension of the 1263 

resource space verifies    . In words, there must be a number of resource types at equal or 1264 
superior to the number of competing species. 1265 

Biologically speaking, (Eq. S18) and (Eq. S19a,b) makes competition among species happen 1266 

as follows: all the species share the same basic needs captured by  . In addition to these basic 1267 

needs, each species   has some specific additional needs captured by   , which differentiate 1268 

its ecological behavior (and its niche) from the others’.  1269 

What makes our model not absolutely general is imposing (Eq. S19b), which states that 1270 

differences among species in their resource consumption must be orthogonal according to  . 1271 
We believe that this particular case is a fruitful and simple starting point for the study 1272 

multispecies competition models. 1273 
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Appendix S3 Supplementary results 1287 
 1288 

Additional scenarios considering different dispersal strategies 1289 

First, we included a colonization-competition trade-off, where species chance to disperse was 1290 

inversely proportional to their ks. So, species that are strong competitors are poor dispersers 1291 

(as already shown by empirical studies, as Cadotte 2007). Second, we simulated a 1292 

restricted/versatile scenario, where species chance to disperse is proportional to their thetas. 1293 

In this case, species with higher dependence to common resources (generalists with high 1294 

thetas) would come first and late colonizers would be those with specialized resource 1295 

requirements (Bonte et al. 2003). This simulates the case where the resources for generalist 1296 

species are available more quickly (as would be expected if a similar species already occurs 1297 

in that community). As high theta means that a species competes for the common resource, it 1298 

makes sense that this species would reach a patch more quickly, because its resources would 1299 

always be available (Reinhardt et al. 2005). So, in this case, marginal and specialized species 1300 

would come late in the colonization sequence. 1301 
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 1302 

Figure S1. Results of richness, Jaccard dissimilarity and species dispersion metrics when we 1303 

varied the number of sequential colonization events during community assembly in the 1304 

colonization-competition trade-off scenario. Community assembly was performed using a 1305 

species pool with medium niche differences and fitness values at the species pool scale. We 1306 

first applied indices SES-MNTD and SES-MPD separately to niche distances and fitness 1307 

distances between species and then to the overall functional distances which combines niche 1308 

and fitness as defined in the main text. 1309 
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 1310 

Figure S2. Results of richness, Jaccard dissimilarity and species dispersion metrics when we 1311 

varied the number of sequential colonization events during community assembly in the 1312 

restricted/versatile scenario. Community assembly was performed using a species pool with 1313 

medium niche differences and fitness values at the species pool scale. We first applied 1314 

indices SES-MNTD and SES-MPD separately to niche distances and fitness distances 1315 

between species and then to the overall functional distances which combines niche and 1316 

fitness as defined in the main text. 1317 
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Additional results using different functional diversity metrics 1327 

We calculated the Functional Dispersion (distance to centroid). We did that calculating FDisp 1328 

(Laliberté and Legendre 2010) and then using a randomization approach (Independent swap 1329 

by Gotelli and Entsminger 2003) in the distance matrix to provide a null model comparison. 1330 

The values in the figure below represent the number of times the real result was larger than 1331 

the null values, so values close to one means strong overdispersion (the real value was larger 1332 

than most of randomization). The results were similar to those of SES.MNTD and SES.MPD. 1333 

 1334 

Figure S3. Results for SES.MNTD, SES.MPD and SES.FDisp. The first box shows the 1335 

results of SES.MNTD, the second of SES.MPD and the third of the new SES.FDisp. The 1336 

horizontal line represents the null expectation. Values higher than the null expectation 1337 

represent more differences than expected by random and lower values the opposite. The 1338 

general pattern found in our study and used to support most of our discussion holds. 1339 

Sampling niche traits will always lead to trait oversdispersion, fitness traits will be prone to 1340 

show clustering and random pattern and overall species distance, calculated using both niche 1341 

related and fitness related traits will tend strongly to overdispersion.  1342 
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 1344 

 1345 

 1346 

 1347 
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