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Abstract 5 

Host-associated resident microbiota can protect their host from pathogens—a community-level 6 

trait called colonization resistance. The effect of the diversity of the resident community in 7 

previous studies has shown contradictory results, with higher diversity either strengthening or 8 

weakening colonization resistance. To control the confounding factors that may lead to such 9 

contradictions, we use mathematical simulations with a focus on species interactions and their 10 

impact on colonization resistance. We use a mediator-explicit model that accounts for metabolite-11 

mediated interactions to perform in silico invasion experiments. We show that the relationship 12 

between colonization resistance and species richness of the resident community is not monotonic 13 

because it depends on two underlying trends as the richness of the resident community increases: 14 

a decrease in instances of augmentation (invader species added, without driving out resident 15 

species) and an increase in instances of displacement (invader species added, driving out some of 16 

the resident species). These trends hold consistently under different parameters, regardless of the 17 

number of compounds that mediate interactions between species or the proportion of the 18 

facilitative versus inhibitory interactions among species. Our results show a positive correlation 19 

between resistance and diversity in low-richness communities and a negative correlation in high-20 

richness communities, offering an explanation for the seemingly contradictory trend in the 21 

resistance-diversity relationship in previous reports.  22 

Introduction  23 

Host-associated microbiota co-evolve with their host and benefit the host through sharing 24 

metabolites [1,2], promoting development [3,4], and importantly, resisting pathogens [5,6]. 25 

Microbiota’s ability to resist the invasion of non-native species is termed “colonization resistance” 26 

[7–9]. The strength of colonization resistance is influenced by the niche environment (e.g., 27 

temperature, salinity, and resource availability) [10–12], properties of the resident community (e.g., 28 



diversity, population size, microbial interactions) [13–15], traits of the potential invader (e.g., 29 

growth rate and dispersal compatibility) [16], and the way an invader interacts with the resident 30 

community (e.g., competition, parasitism, or antagonism) [15,17,18]. The underlying mechanisms 31 

for microbial resistance to invader colonization remain unclear because many influential factors 32 

can be involved and the relative importance of such factors is not known [18]. 33 

Prior work has focused on the impact of community diversity on invasion, because diversity plays 34 

a crucial role to maintain the multifunctionality of ecosystems [19–21]. However, the relationship 35 

between the diversity of a microbial community and the strength of its colonization resistance 36 

remains inconclusive. This is referred to as invasion paradox in community ecology, stating that 37 

observational or experimental evidence supports both the negative and positive relationships 38 

between the biodiversity of native species and the invasion of exotic species [22].  39 

From one perspective, a positive correlation between microbial diversity and colonization 40 

resistance originates from Elton’s observation that simple ecosystems (e.g., oceanic island and 41 

crop monoculture) are more vulnerable to invasions [23,24]. Furthermore, many classic ecologists 42 

in the 1960s and 1970s supported the same belief based on niche theory [17,23,25]. Niche theory 43 

defines the availability of niche opportunities as the condition that promotes invasion. This 44 

opportunity could take different forms, from resource availability to the absence of natural enemies. 45 

In this context, with high species diversity fewer niche opportunities will be available [17,24,26–46 

29]. The same idea is also framed as ‘Ecological Controls’ (EC) or niche filling in other literature, 47 

with a similar concept that at higher richness fewer niches will be available for invaders, leading 48 

to stronger resistance [30]. Such a trend is observed in some microbial communities as well 49 

[29,31–33]. For instance, the wheat rhizosphere community had a decreased invasibility by the 50 

opportunistic pathogen Pseudomonas aeruginosa with an increased level of diversity controlled 51 

by dilution extinction gradient [31]. Similarly, when the grassland soil microbial community is 52 

invaded by Escherichia coli, E. coli’s survival is negatively correlated to microbial diversity [32]. 53 

A negative correlation between microbial diversity and colonization resistance has also been 54 

observed in various ecosystems. In some natural ecosystems, including riparian plant communities 55 

along rivers [34] and plant species at the Hastings Reservation [35], a positive relationship between 56 

native and exotic species diversity is observed. In experiments of introducing invaders into the 57 



grassland community, more invasive species were observed on the herb-sown plots with more 58 

resident species [36] and the species-poor plots were generally not invaded [37].  This idea is 59 

sometimes framed as diversity begets diversity (DBD) [38]. The reason for these observations 60 

remains unexplored. One possible explanation is that a diverse community creates more distinct 61 

microenvironments that can support invading species. However, this explanation would predict 62 

the invader composition of high richness cases to be similar to that of the average of low richness 63 

cases, but this prediction was not observed in some cases [39].  64 

There have been attempts to provide explanations for the invasion paradox. Levine [40] concludes 65 

that the positive correlation between diversity and resistance appears at a small scale (e.g. 66 

controlled experiments) while the negative correlation between diversity and resistance is observed 67 

at the community level. Their explanation is that factors covarying with diversity such as 68 

disturbance, propagule pressure, and species composition are responsible for the observed trends 69 

[23,40]. There are also additional factors which may make it hard to interpret the observational 70 

studies. In some studies, the fraction of exotic species in the community is used as a measure of 71 

invasibility [34,35]; however, this may be different from the response of the community to 72 

invasions, because the richness of the native community may be affected during the process of 73 

invasions [23,36]. Furthermore, the invasion process includes an initial introduction step [13], 74 

which can be confounding in some experiments while the probability of introduction of an invader 75 

is uncontrolled [37].  76 

Since many potential factors can lead to positive versus negative correlation between diversity and 77 

resistance, we use mathematical models to minimize confounding factors. Previous studies have 78 

investigated the correlation between the diversity and invasibility of the community using in silico 79 

communities constructed based on pairwise Lotka-Volterra (LV) models [28,41–44]. The pairwise 80 

interactions between species are defined either through interference competition [42] or through 81 

competition for resources [28,44]. These studies discover that more complex communities (i.e., 82 

communities with more species so more interactions) are more vulnerable to invasions. However, 83 

since pairwise LV models may not adequately capture microbial interactions and higher order 84 

effects [45], we use a mediator-explicit model [45,46] to track both species and interaction 85 

mediators, mediators for short, which are compounds (such as nutrients, metabolic by-products, 86 

and toxins) that mediate the interactions between species. Such a model accounts for direct and 87 



indirect interactions through mediators in the shared environment. Mediators are produced and 88 

consumed by species and can influence species growth positively (as facilitators) or negatively (as 89 

inhibitors). We note that the mediator-explicit model is similar to, but distinct from, the standard 90 

consumer-resource model (CRM) [47,48], in that in CRM only beneficial resources are included 91 

and negative interactions only arise from competition for such resources. Moreover, while the 92 

majority of previous studies only focus on the success of the invader, we examine the fate of both 93 

the invader and the resident community as a function of resident community diversity. The 94 

motivation is to resolve some of the ambiguity around the relationship between diversity and 95 

invasion of the microbiome community in previous reports.  96 

Before presenting our results, we should clarify the scope of this work. First, the term diversity 97 

has been used in the literature for various purposes, including taxonomic diversity (i.e., species-98 

level analysis), functional diversity (i.e., substrate utilization analysis), and genetic diversity (i.e., 99 

nucleic acid analysis) [49]. We focus on taxonomic diversity in the form of species richness, with 100 

each species defined by its distinct growth properties and pattern of interactions. Second, our 101 

model parameters do not strictly represent specific real-world microbial species. Thus, our 102 

simulations do not capture any particular microbial community. Instead, they provide general 103 

insight of possible trends in a controlled setting. Lastly, our microbial communities have a well-104 

mixed environment [45], and our investigations strictly assess alpha diversity (i.e., intracommunity 105 

diversity) [50,51].  106 

Our results show that as the richness of the resident community increases, often the chance of 107 

colonization resistance shows an increase in low richness communities and a decrease in high 108 

richness communities. This effect is largely caused by two underlying trends at higher richness: 109 

an increase in instances where the invader displaced one or more members of the resident 110 

community and a decrease in instances where the invader is added to the resident community 111 

without driving any of the resident species to extinction. We consistently observe these trends at a 112 

range of parameters explored in this investigation.  113 

Result 114 

Resistance is often strongest at intermediate richness of resident communities 115 



We simulate the in silico microbial communities using the mediator-explicit model (Equation 1). 116 

Mediators are the chemical compounds present in the environment that can interact with species 117 

in four possible ways: species either produce or consume mediators and mediators either facilitate 118 

or inhibit the growth of species [15,45,46]. Specifically, the rate of change of species 𝑖 ’s 119 

concentration is proportional to the cell densities of the species (Si) scaled by its basal growth rate 120 

(ri0) in addition to the sum of mediator 𝑗’s influence, which is the product of interaction strength 121 

on species 𝑖 (rij) and the concentration of mediators (Mj) controlled by the saturation concentration 122 

(Kij) (Equation 1B). We investigated initial pools of species with different ratio of positive 123 

versus negative mediator influences (+:- = 10:90, 50:50, or 90:10) to examine how the 124 

invasion trends may change if the interactions among species is shifted from having more 125 

facilitation (more “positive” influence of mediators on species) to more inhibition (i.e. more 126 

“negative” influence of mediators on species). Similarly, the rate of change of mediators 𝑖 is 127 

total results of individual species 𝑗 if they produce the mediator 𝑖 with a rate of 𝛽𝑖𝑗 or consume it 128 

with a rate of 𝛼𝑖𝑗 (Equation 1A). 129 

𝑑𝑀𝑖

𝑑𝑡
= ∑ [𝛽𝑖𝑗 − 𝛼𝑖𝑗

𝑀𝑖

𝑀𝑖+𝐾𝑖𝑗
] 𝑆𝑗𝑗                                                  (1A) 130 

𝑑𝑆𝑖

𝑑𝑡
= [𝑟𝑖0 + ∑ 𝑟𝑖𝑗

𝑀𝑗

𝑀𝑗+𝐾𝑖𝑗
𝑗 ] 𝑆𝑖                                               (1B) 131 

Using the mediator-explicit model, we first generated stable resident communities with multiple 132 

species in silico. For this, we assembled interacting species with random interactions and simulated 133 

the dynamics until a subset of species reached stable coexistence. In these simulations, we set the 134 

initial fraction of positive to negative mediator influences to be +:- = 10:90, 50:50, or 90:10 to 135 

examine how the prevalence of facilitative versus inhibitory influences impacted the outcomes. 136 

We then introduced the invader into these resident communities and simulated the dynamics to 137 

assess the invasion outcomes (Fig 1, top). We categorized the stabilized community to four 138 

outcomes based on the presence of the invader and the change of richness of the resident species 139 

[15]: resistance (all resident species survive, invader extinct), augmentation (all resident species 140 

survive, invader survives), displacement (some resident species extinct, invader survives), and 141 

disruption (some resident species extinct, invader extinct) (Fig 1, top).  142 



  143 

Fig 1. Increased richness of resident communities leads to higher chance of displacement and lower chance 144 

of augmentation. Top panel shows the overall invasion assay used throughout this manuscript: an initial 145 

pool of randomly interacting species is simulated until it reaches stability (200 generations), then an invader 146 

is introduced and the invasion outcome is assessed after 200 generations of growth through rounds of 147 

growth and dilution. In the middle panel, the relationship between richness and different outcomes is 148 

examined when the initial pool of resident species has more inhibitory interactions (+:- = 10:90), equal mix 149 

of inhibitory and facilitative interactions (+:- = 50:50), and more facilitative interactions (+:- = 90:10). In 150 



the bottom panel, the outcomes are grouped based on the success or failure of the invader. For each plot, 151 

10,000 instances are examined. Interactions between resident members and the invaders are equal mix of 152 

inhibitory and facilitative interactions. The error bars show 95% confidence level estimated assuming a 153 

binomial distribution for each outcome. Only data points (at each richness value) are shown that had a 154 

sample size greater than 30. 155 

 156 

We observed that as the species richness of the resident community increased, resistance as the 157 

invasion outcome increased for low-richness resident communities and then decreased for high-158 

richness ones (Fig 1, bottom). This was driven by an increase in instances of displacement, despite 159 

a decrease in instances of augmentation. In these cases, the chance of disruption remained low as 160 

species richness increased. Even though the trend of resistance is often of interest from an 161 

ecological perspective, when the richness of resident communities increases, the consistent 162 

underlying trends are a decrease in the augmentation chance and an increase in the displacement 163 

chance. This may explain some of the seemingly contradictory trends reported in the past. 164 

The measurement of species diversity in our investigations has been based on species richness. We 165 

examined if the observed trends applied to other measures of diversity [51]. We measured the 166 

species evenness using the Shannon index [51]. We found that the Shannon index of the 167 

community showed a complex trend: at any given richness, resident communities with higher 168 

evenness showed lower assimilation, disruption, and displacement; however, as the richness 169 

increased, augmentation increased (Fig S1). To simplify interpretations, in the rest of this 170 

manuscript we use richness as the main measure of diversity.  171 

To assess whether similar trends are observed under different interaction models, we repeated the 172 

invasion simulations in Fig 1 using a Lotka-Volterra (LV) model. We observed that in the LV 173 

model, similar to the mediator-explicit model, as the richness of the resident community increased 174 

the chance of displacement increased and the chance of augmentation decreased, leading to a 175 

nonmonotonic relationship between resistance and richness (Fig S2). This pattern was observed 176 

consistently over a range of values for the mean and the spread of interaction coefficients (Figs S2 177 

and S3).  178 

More facilitative interactions lead to more augmentation and fewer displacements 179 

We analyzed the relationship between community resistance with species richness, under the 180 



conditions that the microbial interactions between the resident members were more inhibitory, 181 

equally facilitative or inhibitory, or more facilitative (Fig 1, bottom). To investigate the effect of 182 

interactions among resident species, we examined the invasion outcomes at three different 183 

frequencies of facilitative interactions among species in the initial pool of species (i.e. three 184 

different +:- ratios; Fig 1, bottom). Generally, the displacement outcome was more likely when 185 

the microbial interactions were less facilitatory and more inhibitory. In contrast, the disruption 186 

outcome—even though generally rare under these conditions—was more likely when the 187 

microbial community had more facilitative interactions. 188 

We speculate that more facilitative interactions within the microbial community could lead to a 189 

more connected network. In such a network, when one species is perturbed, other species are 190 

affected since they facilitate each other’s growth. Such connections loosen when a microbial 191 

community has more inhibitory interactions. Our results suggest that an invader can replace 192 

resident species in a community with more inhibitory interactions without disrupting other species. 193 

However, in a community with more facilitative interactions, the invader can displace an existing 194 

member only if it establishes interactions with other species similar to the replaced species; as a 195 

result, displacement is less likely. 196 

Communities that are more stable are also more resistant to invasion 197 

We hypothesized that loss of richness in resident communities when the community is exposed to 198 

invaders is linked to how stable that resident community is when it experiences a perturbation in 199 

composition. To examine this hypothesis, we perturbed simulated stable communities such that 200 

the Bray-Curtis dissimilarity before and after the perturbation was 0.1. The stable community 201 

would undergo two types of perturbations, either the proportion of a randomly selected species 202 

was reduced or a new species was added in to emulate invasion. For each simulation, the 203 

community was constructed with the parameters shown in Table S1. When the composition was 204 

perturbed, we tallied the outcomes as ‘stable’ when there was no species loss or ‘unstable’ when 205 

some species were lost. For invasion cases, we tallied how often the invader was successful.  206 

We observed that resistant was more pervasive in communities that were stable against 207 

perturbations in their composition. In contrast, unstable communities rarely showed resistance to 208 

invaders (<2% in each of the +:- = 10:90, 50:50, or 90:10 cases in Fig 2).  209 



 210 

 211 

Fig 2. Robustness against perturbation and resistance to invaders are correlated. Perturbations of 212 

similar magnitude (Bray-Curtis dissimilarity of 0.1) were created either by reducing the proportions of one 213 

of the resident members or by introducing an invader. We then assessed among cases that were robust 214 

versus not robust when subjected to composition perturbation what fraction resisted or allowed invasion. 215 

We tested three conditions: when the microbial interactions between resident members are more inhibitory 216 

(+:- = 10:90), equal mix of inhibitory and facilitative (+:- = 50:50), and more facilitative (+:- = 90:10). For 217 

each plot, 10,000 instances are examined, and only instances that had two or more stably coexisting species 218 

in the resident community were included in the analysis (n shows the number of instances in each category). 219 

 220 

The number of mediators is not the source of the resistance-richness trend 221 

We hypothesized the possibility that with more species a greater number of mediators will be 222 

present in the community, facilitating the growth of invaders which could benefit from available 223 

resources. We constructed microbial communities starting from 30 mediators in the initial pool 224 

and simulated the enrichment until we reached stable communities. The number of mediators in 225 

the resulting communities was lower than 30, and only communities with up to 7 mediators had 226 

enough instances (>30) to lead to reliable statistics. We then introduced an invader into these 227 

communities. Notably, the invasion outcomes showed little correlation with the number of 228 

mediators (Fig 3).   229 



 230 

Fig 3. Invasion outcomes are insensitive to the number of mediators present in the resident 231 

community. Here 10,000 microbial communities have been simulated, each initially containing 20 species 232 

and 30 mediators. The invasion outcomes (displacement, augmentation, disruption, and resistance) is 233 

plotted with respect to the number of mediators that the community contained when it reached stability. 234 

The fraction of interactions between the invader and the mediators that are facilitative (fpI) is 0.5 and the 235 

initial pool of species for the resident community has an equal mix of inhibitory and facilitative interactions 236 

(+:- = 50:50). Only datapoints (in terms of the number of mediators) are shown that had a sample size 237 

greater than 30. The error bars show 95% confidence interval.  238 

 239 

Unexploited mediators affect the relationship between resistance and species richness 240 

Many previous studies attribute the positive correlation between colonization resistance and 241 

diversity to the competition of nutrients between species [29,31–33]. ]. The justification is that 242 

when a microbial community has more species, they can more efficiently utilize available 243 

resources so that little resources are remained for the invader to exploit. To test whether 244 

unexploited mediators influence the inverse relationship between invasion outcomes and species 245 

richness, we compared the conditions that either the invader utilized the same mediators as the 246 

resident community (4a) or an additional mediator was included that was not consumed by the 247 

resident community (Fig 4b).  248 



 249 

Fig 4. Unexploited mediators negatively affect resistance. The relationship between richness and 250 

invasion outcomes as a) the invader interact with the same mediators as the resident members or b) the 251 

invader produces an additional mediator not present in the resident community. For both cases, three 252 

conditions are tested when the microbial interactions between resident members are more inhibitory (+:- = 253 

10:90), equal mix of inhibitory and facilitative (+:- = 50:50), and more facilitative (+:- = 90:10). For each 254 

plot 10,000 instances are examined. Data is shown for richness values that have at least 30 instances. The 255 

error bars show 95% confidence interval. 256 

 257 

When mediators have been completely exploited (Fig 4a), the relationship between resistance and 258 

richness was mainly driven by an increase in displacement instances at higher richness and a 259 

decrease in augmentation instances. When the mediators in the environment were not completely 260 

exploited by the resident community (Fig 4b), the overall relationship between resistance and 261 

richness was the same, with one major difference: more instances of disruption were present at 262 

higher richness. The higher abundance of disruption instances leads to a more rapid decrease in 263 

instances of resistance in resident communities with higher richness when there are additional 264 

mediators to exploit. These trends held when the interactions were more facilitative (+:- = 90:10),  265 

more inhibitory (+:- = 10:90), or equally likely to be facilitative or inhibitory (+:- = 50:50).   266 

The interaction between invader and community influences the resistance-richness trend 267 

Does the facilitation or inhibition effect of the microbial community on the invader influence the 268 

inverse relationship between colonization resistance and species richness? We varied the fraction 269 



of positive interactions between the resident mediators and the invader (parameter fpI) to see its 270 

effect (Fig 5). In our results, when the interactions between the community and the invader are 271 

more inhibitory (i.e., smaller fpI) and when the interactions within the community were more 272 

facilitative, the invasion outcome shifted toward resistance. When the interactions between the 273 

community and the invader were more facilitative (i.e., larger fpI) and when the interactions within 274 

the community were also more inhibitory, displacement replaced resistance. Intuitively, our results 275 

show that a community that helps the invader is less capable of resisting the invader, and this effect 276 

is stronger with more resident species. Notably, when mediators in the resident community are 277 

more facilitative for the invader, instances of displacement increase, which in turn drives the 278 

resistance trend such that higher-richness communities are less resistance against invaders.  279 

 280 

Fig 5. If the resident community facilitates the invader, the chance of resistance decreases; this effect 281 

is stronger when the resident communities has higher richness. The relationship between richness and 282 

invasion outcomes with different fpI (i.e., the fraction of mediator influences on the invader that are 283 

facilitative) are shown. The microbial interactions between resident members are equal mix of inhibitory 284 

and facilitative interactions (+:- = 50:50). Numbers of instances examined Ns for each plot is 10,000. Data 285 

is shown for richness values that have at least 30 instances.  The error bars show 95% confidence interval.  286 

 287 

Discussion 288 

To investigate how the diversity of microbial communities influences their resistance against 289 

invasion, we simulated the introduction of an invader into resident microbial communities using 290 

the mediator-explicit model of microbial interactions. In our investigation of invasion outcomes, 291 

we considered both the maintenance of the invader species and the change in the compositions of 292 

the resident species [15]. This is different from most previous studies which usually only track the 293 

success of invasion. Such an invader-centric analysis causes two problems [23]. First, the factors 294 

that maintain the invader in the system are not necessarily the factors that make invasion possible 295 

fpI = 0.1 fpI = 0.3 fpI = 0.5 fpI = 0.7 fpI = 0.9 



[23,52]. Second, the presence of invaders ignores whether the resident community stays intact or 296 

not [23,44]. Categorizing the four outcomes of displacement, disruption, augmentation, and 297 

resistance helps us have a better view of how the invader interacts with the resident community. 298 

We investigated the interactions between the resident members, the interaction between the 299 

resident members and the invader, the number of initial mediators, and the presence of additional 300 

mediators after the invasion to test how these factors affect the richness-resistance relation.  301 

The general trend we observe is that typically the colonization resistance of microbial communities 302 

increases with richness in low-richness communities and decreases with richness in high-richness 303 

communities (Fig 1), regardless of the details of the network of interactions (Fig 3). Loss of 304 

resistance in high-richness communities is partially because these communities are more prone to 305 

loss of richness when facing perturbations, whether that perturbation is in the form of a fluctuation 306 

in composition or the introduction of an invader species (Fig 2). This trend has also been observed 307 

by analyzing human gut microbiome, with DBD more dominant in low-diversity communities and 308 

EC more dominant in high-diversity communities [38]. This description can reconcile some 309 

seemingly contradictory trends in past reports. Some previous studies suggest a positive 310 

relationship between richness and resistance, driven by the niche opportunity theory: a community 311 

with higher richness has greater resource partitioning and inhibits invaders more effectively 312 

[29,31–33]. Other previous studies suggest a negative relationship between richness and resistance, 313 

driven by the idea that a more diverse community can also create more niches that can allow an 314 

invader to establish. Our analysis offers a simple interpretation that this regime shift can be the 315 

consequence of two underlying trends: with increased richness the chance of augmentation 316 

decreases and the chance of displacement increases. Note that this interpretation does not exclude 317 

other underlying mechanisms, such as niche availability, responsible for the overall trend. 318 

Nevertheless, we think making this distinction is useful, because it allows us to target mechanisms 319 

that change augmentation or displacement in order to control resistance.    320 

We observe the inverse relationship between the resistance and the richness is more predominant 321 

when the interactions between the resident species and the invaders are more facilitative and when 322 

the invader introduces a new metabolite to the community. Both of these trends can be explained 323 

by underlying patterns of augmentation, displacement, and disruption. Briefly, when the invader 324 

benefits from facilitation by the resident species, augmentation and displacement become more 325 



prevalent, as the invader is assisted by the community itself to establish (Fig 5). Among these cases, 326 

in communities with higher richness displacement can become the dominant outcome. When the 327 

invader introduced a new metabolite to the community, an increase in the chance of disruption of 328 

high-richness resident community leads to a more pronounced decrease of resistance at higher 329 

richness (Fig 4). In general, our results suggest that when the network is more complex (i.e., the 330 

species richness increases), the community is more likely to collapse when new species are 331 

introduced.  332 

There are some limitations in the scope of our investigation. First, we assemble stable communities 333 

before challenging them with invaders. Such a scheme might miss other processes of community 334 

assembly and invasion. For instance, communities might be assembled through succession, in 335 

which the timing of introducing an invader can become critical; such a situation is not accounted 336 

for in our analysis in this manuscript. Second, although the mediator-explicit model is fairly 337 

general, it does not cover all possible microbial interactions. This in turn limits the generality of 338 

our conclusions as it would be the case with other choices of models that represent the community. 339 

Additionally, each species in our model, including the invader, has a basal growth rate, meaning 340 

that the nutrients for their survival are always provided and species are not a competitor for basic 341 

nutrients. Therefore, the invasion outcomes are determined by the interactions between species 342 

through their production or uptake of metabolites. However, species competition for primary 343 

resources is de-emphasized in our model. Third, our choice to assemble stable well-mixed 344 

communities, limits the richness of resident communities that we investigate in this report. The 345 

impact of other models of microbial interactions (such as a standard consumer-resource model), 346 

other community assembly processes (such as succession), and the spatial structure of the 347 

environment remain to be investigated in future work.   348 

Materials and Methods 349 

Mediator-Explicit Model 350 

We simulate the in silico microbial communities using the mediator-explicit model (Equation 1) 351 

[15,46]. In this formulation, Ci and Si are the concentrations of the chemicals and cell densities of 352 

the species, respectively. β𝑖𝑗  and α𝑖𝑗  are the production and uptake rates of the chemicals by 353 

species, respectively. ri0 is the basal growth rates of the cells and rij is the interaction strength of 354 



chemicals on the species. Kij is the saturation rate for the influence of uptake and growth rate 355 

influence. For a standard microbial community (unless specified), α𝑖𝑗  and 𝛽𝑖𝑗  have uniform 356 

distributions between 0.25 and 0.75 fmole/cell per hour and between 0.05 and 0.15 fmole/cell per 357 

hour, respectively. 𝑟𝑖0 for cells in the community has a uniform distribution between 0.08 and 0.12 358 

hr-1 and 𝑟𝑖0 for invader is 0.15. 𝑟𝑖𝑗 has the amplitude sampling from a uniform distribution between 359 

0 and 0.2 hr-1 and the sign is determined by the binomial distribution with a specified probability 360 

of positive signs (fp). fp equals to 0.1, 0.5, and 0.9 when the interactions within the community are 361 

more inhibitory, equally inhibitory or facilitative, and more facilitative, respectively, and fp of the 362 

invader is 0.5. Kij has a uniform distribution between 5,000 and 15,000 fmole·ml−1. The probability 363 

of the presence of links within the community, including the influence of chemicals on species and 364 

species’ production and uptake of chemicals, is 0.3, and the probability of the presence of links 365 

between the invader and the resident species is 0.3.  366 

In silico invasion assay 367 

For each instance of simulation, the initial invasion assay contains 20 species and 10 chemicals, 368 

which have pairwise interactions defined by rij, 𝛽𝑖𝑗, and 𝛼𝑖𝑗. The total number of initial cells is 369 

104 and is evenly distributed to all species. The culture is incubated for a total of 200 generations 370 

to reach a stable state. The community is diluted to the same level of cells when the number of 371 

cells reaches 107 and the species that has a cell density of less than 10% of its initial density will 372 

be dropped out as extinction. Then an invader which also interacts with the chemicals is introduced 373 

into the community. The fraction of invader cells is 0.3%. The culture is incubated for another 200 374 

generations following the same procedure. We compare the species richness of resident members 375 

before and after the invasion and check whether the invader has increased composition to 376 

categorize the outcomes as either augmentation (species richness retains and invader’s 377 

composition increases), displacement (species richness decreases and invader’s composition 378 

increases), disruption (both species richness and invader’s composition decrease), and resistance 379 

(species richness retains and invader’s composition decreases).  380 

Measures of dissimilarity and diversity 381 

The Bray-Curtis dissimilarity [53] is calculated by  382 



𝐵𝐶𝑖𝑗 = 1 −
2𝐶𝑖𝑗

𝑆𝑖−𝑆𝑗
                                                         (2) 383 

where 𝑆𝑖  and 𝑆𝑗  are the total cell numbers of the community before and after the perturbance, 384 

respectively. 𝐶𝑖𝑗 is the lesser cell number between 𝑆𝑖 and 𝑆𝑗.  385 

The Shannon Diversity Index [54] is calculated by                                    386 

𝐻 = − ∑ 𝑝𝑖
𝑅
𝑖=1 𝑙𝑛 𝑝𝑖                                                   (3) 387 

where R is the total number of species and 𝑝𝑖 is the percentage of each species 𝑖.  388 

Simulation Platform 389 

All simulations were done in the Matlab® R2021a running on the Linux Cluster at Boston College.  390 
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Supplementary Figures 542 

 543 

Fig S1. The chance of four outcomes with respect to Shannon Index under three conditions: the interactions 544 

between the resident members a) are more inhibitory (fp=0.2) b) are equally inhibitory or facilitative (fp=0.5) 545 

c) are more facilitative (fp=0.8). For each plot 10,000 instances are examined. The Shannon Index of a), b), 546 

and c) range between 9.181×10-4 and 1.049, between 1.710×10-4 and 1.547, and between 1.685×10-4 and 547 

1.612, respectively. The Shannon Index range is divided to 30 bins for each condition, and the percentage 548 

of each outcome in relation to all instances in each bin range is calculated and plotted. 549 



 550 
 Fig S2. The overall trends in invasion outcomes obtained using a Lotka-Volterra (LV) model match those 551 

of the mediator-explicit model. In these simulations, similar to Fig 1, a pool of Nsp = 20 species is used as 552 

a starting point. The equations used for these simulations were: 𝑁𝑖
̇ = [𝑟𝑖 +  

1

𝐾𝑖
∑ 𝑎𝑖𝑗𝑁𝑗𝑗 ] 𝑁𝑖, where i and j 553 

are the species indices,  𝑟𝑖 is the species i’s growth rate, 𝐾𝑖 is the species i’s carrying capacity, and 𝑎𝑖𝑗 is 554 

the interaction coefficient. We assume that 𝑎𝑖𝑖 = −1 and that other interaction coefficients 𝑎𝑖𝑗 are random 555 

with a uniform distribution as shown in each panel. The average interaction coefficients is changed from 556 

less inhibitory to more inhibitory to examine its impact on invasion outcomes. We simulated the dynamics 557 

of this initial pool over 200 generations until a stable resident community was reached. The invader was 558 

then introduced into the community at a fraction of 0.03% and the outcome was categorized as resistance, 559 

disruption, augmentation, or displacement, based on whether the species in the stable community were 560 

preserved and whether the invader frequency increased or decreased (as described in Fig 1). Similar to the 561 

mediator-explicit model, resident communities with higher richness showed more chance of displacement 562 

and less chance of augmentation. This led to an overall nonmonotonic resistance-richness relationship 563 

which was more pronounced when the interactions within the community were more inhibitory. For each 564 

plot, 50,000 instances of invasion are examined. Interactions between resident members and the invaders 565 

have the same distribution as the interactions among resident members. The error bars show 95% 566 

confidence level estimated assuming a binomial distribution for each outcome. Only data points (at each 567 

richness value) are shown that had a sample size greater than 30. 568 



 569 

Fig S3. The overall trends in invasion outcomes obtained using an LV model match those of the mediator-570 

explicit model. All parameters, equations, and assumptions are similar to Fig S2, except that the distribution 571 

of off-diagonal interaction coefficients 𝑎𝑖𝑗 has a uniform distribution with a different spread in each panel. 572 

The spread of interaction coefficients is changed from less a narrower range to a wider range to examine 573 

its impact on invasion outcomes. Similar to the mediator-explicit model, resident communities with higher 574 

richness showed more chance of displacement and less chance of augmentation. This led to an overall 575 

nonmonotonic resistance-richness relationship which was more pronounced when the interactions within 576 

the community were more inhibitory. For each plot, 50,000 instances of invasion are examined. Interactions 577 

between resident members and the invaders have the same distribution as the interactions among resident 578 

members. The error bars show 95% confidence level estimated assuming a binomial distribution for each 579 

outcome. Only data points (at each richness value) are shown that had a sample size greater than 30. 580 
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Table S1. Parameters used for standard simulations  582 

Parameter Description Standard Value 

𝑁𝑐 Number of cell types (species) initially includes  20 

𝑁𝑚 Number of mediators 10 

𝑁𝑠 Number of samples 10000 

𝑁𝑔 Number of generations 200 

𝛼𝑚 Average consumption rate of mediators by species (fmol) 0.5 

𝛽𝑚 Average production rate of mediators by species (fmol ℎ−1) 0.1 

𝛼𝑖𝑗 Consumption rate of chemical j by species i ~𝑈(0.5𝛼 𝑚,1. 5𝛼 𝑚)  

𝛽 𝑖𝑗 Production rate of chemical j by species i ~𝑈(0.5𝛽 𝑚,1.5𝛽 𝑚)      

𝑟 0𝑚 Average basal growth rates of cells in the community 0.1 

𝑟 0𝑑 Deviation of basal growth rates of cells in the community 0.02 

𝑟 0𝑚𝐼 Average basal growth rates of cells in the invader 0.15 

𝑟 𝑖0 Population reproduction rate for cells in the community (ℎ −
1) 

~𝑈(𝑟 0𝑚−𝑟 0𝑑,𝑟 0𝑚+𝑟 0𝑑
)      

𝑟 𝑖𝑗 Interaction strength of chemical j on species i (ℎ − 1) ~𝑈(0,0.2) where the fraction of 

positive sign is determined by 

𝑓 𝑝 

     𝑓 𝑝      Probability of positive interactions 0.1 

𝑓 𝑝𝐼      Probability of positive interactions for the invader 0.5 

𝐾 𝑠𝑎𝑡 Interaction saturation level (fmol ℎ − 1) 10 4 

     𝐾 𝑖𝑗 Interaction saturation level of chemical j by species i ~𝑈(0.5𝐾 𝑠𝑎𝑡,1.5𝐾 𝑠𝑎𝑡)  

𝑞 𝑝      Probability of production link per population 0.3 

𝑞 𝑐 Probability of influence link per population 0.3 

𝑞 𝑝𝐼      Probability of production link per population for the invader 0.3 

𝑞 𝑐𝐼      Probability of influence link per population for the invader 0.3 

ΣSinit Total initial cell density (ml−1 ) 10 4 

ΣSdil  Coculture dilution threshold of cell density (ml−1 ) 10 7 



𝑓 𝐼𝐼 Fraction of the invader when mixing 3 ∗ 10 − 4 

 583 


